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THE EFFECT OF RAPESEED OIL ON REPRODUCTION AND 
ON THE COMPOSITION OF RAT MILK FAT! 


Joyce L. BEaARE, E. R. W. Grecory, D. Morison SMITH, AND 
J. A. CAMPBELL 


Abstract 


Rats fed corn oil or a mixture of lard and olive oil produced as many offspring 
as those receiving no fat supplement with a low-fat commercial meal, but the 
weanling weight was lower. Although rats fed rapeseed oil continued to reproduce 
they had fewer and smaller offspring than rats fed other diets. 

The composition of fatty acids in the milk varied with the dietary fat of the 
mother. Animals receiving the low-fat diet secreted predominantly saturated 
fatty acids. A high proportion of linoleic acid appeared in the milk when corn oil 
was fed, and of oleic acid when the mixture of lard and olive oil was fed. Eicosenoic 
and erucic acids were present in the milk of rats receiving rapeseed oil, but were 
less prevalent than in the original oil. 


Introduction 


A previous study (1) in which rapeseed oil was fed in a purified basal diet 
showed that the oil did not significantly affect the number of animals weaned 
in three litters of one generation, but caused a lower weanling weight. To 
extend the period of the reproduction study, four generations of rats were fed 
rapeseed oil in a basal commercial diet, as used by Carroll in reproduction 
studies with erucic acid (2). The nourishment of the young was studied with 
respect to its effect on the size of the litter, the body weight at weaning, and 
the fatty acid composition of the milk fat. 


Methods 


Weanling, Wistar rats of the Food and Drug colony were supplied with 
ground fox cubes,” alone or with 20% corn oil, rapeseed oil,* or a 3:2 mixture 
of lard and olive oil. Three weeks prior to breeding, at approximately 110 days 


1Manuscript received August 12, 1960. 

Contribution from the Food and Drug Laboratories, Department ‘of National Health and 
Welfare, Ottawa, Ontario. 

2Master Fox Cubes, Toronto Elevators. 

’Argentine rapeseed oil. 
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of age, the females were examined daily by vaginal smears to check the 
frequency of estrus cycles. From the initial groups of 10 rats of each sex per 
diet, seven pairs were randomly selected and mated. After parturition, the 
offspring in each of the three litters produced by the same pairs of rats were 
counted when 3 days of age, and were weaned at 21 days. Animals from the 
second litter were maintained on the same diets as their parents, and seven 
pairs were bred to produce another generation of three litters, the last litter 
of which produced the third generation of another three litters. The one litter 
of the fourth generation was bred from seven pairs of rats from the first litter 
of the preceding generation. 

To obtain milk samples the nursing offspring of four females on each diet 
from the last litter were employed. When 12 to 15 days old the young were 
removed from their mothers for approximately four hours and then returned 
for about an hour. After feeding, the young rats were anesthetized with ether, 
the stomachs excised, and their contents manually expressed into flasks. The 
curdled milk was kept frozen until the fat was extracted from duplicate 1-g 
samples with hot ethanol—acetone (1:1). Methyl esters were prepared by the 
method of Craig* in which approximately 100 mg of the extracted fat was 
refluxed with 7% HCl in methanol, and the acid and methanol removed by 
evaporation in an atmosphere of nitrogen. One microliter of the mixture of 
methyl esters was inserted into a Beckman GC-2 gas chromatograph fitted 
with a Craig injector at the head of a 6-ft, }-in. diameter copper column packed 
with butanediolsuccinate (3) on 60-80 mesh, acid-washed Chromosorb W, 


(1:6 by weight). The column was operated at 206° with helium as the carrier 
gas. 


Results and Discussions 

Reproductive Performance 

Estrus cycles as determined by vaginal smears were similar for each group 
of rats. In Table I is shown the mean number of offspring weaned in each of 
the four generations, during which mortality was low and did not vary signifi- 
cantly among the groups. The addition of 20% corn oil or the mixture of lard 
and olive oil to ground fox cubes, with the consequent reduction in the propor- 
tion of dietary protein and other nutrients, had no effect on the number of 
offspring. Fewer young were born of rats fed rapeseed oil. In a previous study 
(1) no differences were found in the number of offspring produced in three 
litters of one generation when the rats were fed corn oil or rapeseed oil in a 
purified diet. Similarly the data from the first generation of this study were 
insufficient to demonstrate the significant differences obtained from the data 
of the four generations. 

The weanling weights of the offspring, Table II, were greatest without the 
addition of 20% oil to the commercial diet (P=0.01). Mueller and Cox (4) 


‘Private communication, Dr. B. M. Craig, Prairie Regional Laboratory, National Research 
Council, Saskatoon. 
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TABLE I 


Mean number of offspring weaned = litter of rats fed ground 
fox cubes (FC), or 20% corn oil (CO), rapeseed oil (RSO), a 
mixture of lard and olive oil (L&OO) in ground fox cubes 








Diet 





es) 
QO 
Q 
© 
zx 
4 
—_ 
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Generation Litter 








1 1 6.7 8.0 6.6 4.9 
2 7.9 9.0 P| v2 

3 7.6 8.0 5.7 5.8 

2 1 8.2 7.6 $.7 8.2 
2 8.4 8.4 6.9 8.2 

3 6.7 7.9 3.0 8.0 

3 1 9.0 ae 5.7 8.4 
2 9.2 8.3 7.0 8.6 

3 7.8 9.8 5.4 7.4 

4 1 8.0 6.2 5.0 6.4 
Mean 8.0 8.1 5.7 7.3 

TABLE II 


Mean body weight of weanling rats in grams 














Diet 

Generation Litter FC Co RSO L&OO 
1 1 33.0 32.8 26.9 34.7 
2 35.6 31.8 27.8 29.4 

3 33.9 33.2 25.0 33.1 

2 1 33.7 30.8 28.2 30.9 
2 35.8 32.3 25.4 30.0 

3 36.9 31.4 26.9 28.0 

3 1 34.3 30.8 28.2 30.9 
2 35.8 32.3 25.4 30.1 

3 36.9 29.9 27.9 29.0 

4 1 32.1 33.5 27.5 31.1 
Mean 34.8 31.9 26.9 30.7 





reported that reproduction was not good with fat constituting 20% of the diet. 
Here the effect was on body weights and not the number of progeny, except 
when rapeseed oil was fed. This oil was associated with the lowest weanling 
weights, a finding which confirmed the previous study (1). 
Composition of Milk 

The nourishment of the young was studied with respect to the fatty acid 
composition of the milk since analyses of rat milk (5, 6, 7) revealed that the 
fat calories accounted for 64 to 74% of the total calories supplied to the young. 
In Fig. 1a is shown the fatty acid composition, in terms of % by weight of 
methyl esters, of the fat of fox cubes and of the milk secreted by the rats con- 
suming that 3% fat diet. The milk contained shorter-chain, saturated acids 
not found in the dietary fat. With the addition of corn oil to the diet, linoleic 
acid was predominant in the milk, Fig. 1b. Again the milk contained shorter 
saturated acids not present in the diet. The milk secreted by the rats consuming 
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rapeseed oil, Fig. 1c, contained Ceo and Cz acids, which were less prevalent 
than in the original oil. As shown in Fig. 1d, a diet rich in oleic acid, through a 
mixture of lard and olive oil, caused the milk to be high in that component. 

In Table III is shown a summary of the fatty acid compositions of the four 
types of milk: the predominately saturated milk, the high linoleic acid milk, 


TABLE III 
Fatty acids of rat milk 








% fatty acids* 








Diet Cs Cio Ci Cis Cis Cis:0 Cis:1 Cis:2 Cis:3 Cro: 1 Cx :1 
FC Oe 83 1.5 Wil Zt 38 13.9 8.9 0.5 O 0 
CO Os 3.3 5.0 44 13.7 2.3 2.7 @5 GT © 0 
RSO 06 3.7 3.3 0 Wis 28 220 fee 2.8 Se FT 
L&0OO C3 2. 2.1 Ze wee S:9 G.S 54 C5 89 © 





*Weight percentage as methy! esters. 


the milk containing long-chain fatty acids, and the high oleic acid milk. Insull 
et al. (8) demonstrated that the pattern of fatty acids secreted by the mammary 
glands of humans responded to dietary change and that with a deficient caloric 
intake it resembled that of the depot fat. A corresponding similarity existed 
in rat milk, not by restricting calories, but by reducing the amount of dietary 
fat. Hallanger and Schultze (9) found that the content of dienoic acids in rat 
milk was increased by feeding wheat germ oil and corn oil; Lossow and Chaikoff 
(10) showed that rats intravenously injected with tripalmitin-1-C' and 
octoanoate-1-C'* secreted the labelled fatty acids into the milk. In this study 
fatty acids of longer chain length were transferred to the milk. 

When rapeseed oil constituted 10% by weight of the diet and its erucic acid 
was responsible for 8.5% of the total calories, the appetite of rats was depressed 
(11). In the high-fat milk of rats, erucic acid could account for approximately 
6% of the total calories. Its effect on the appetite of the nursing young is not 
known, but it is conceivable that this amount of erucic acid might have a 
significant effect on food intake by being slowly absorbed. That rapeseed oil 
has a slow rate of absorption was clearly demonstrated in older rats (12, 13). 

It has been shown that a diet containing 20% by weight of rapeseed oil, 
equivalent to 15 calories%, decreased the number and size of offspring and 
prompted the occurrence of eicosenoic and erucic acids in the milk. Except in 
the case of the low-fat diet, fatty acids of the milk reflected the pattern of fatty 
acids of the diet. 
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THE POSSIBILITY OF CORTICOSTEROID PRODUCTION BY 
HUMAN AND RAT PLACENTAL TISSUE UNDER 
IN VITRO CONDITIONS! 


S. SYBULSKI AND E. H. VENNING 


Abstract 


Human placentae obtained at Caesarean section were minced and incubated 
in vitro in Krebs-Ringer solution. The steroids secreted into the medium and 
those remaining in the tissue were measured. 

Seven ultraviolet light absorbing compounds were isolated from the incubation 
media. These included cortisone, hydrocortisone, progesterone, and four unidenti- 
fied compounds. No detectable amounts of aldosterone, however, could be 
obtained from the quantities of tissue used. 

The amount of each steroid released into the incubation media decreased rapidly 
with time. An analysis of the original amount of each steroid present in the tissue 
before incubation indicated that no additional amounts of steroids were formed 
during the incubation periods. The addition of various steroid precursors such as 
progesterone, cholesterol, and A‘-pregnene-3f-ol-20-one failed to increase the 
quantity of cortisone, hydrocortisone, or X:, a compound with the same chroma- 
tographic mobility as aldosterone. Placental tissue has the ability to convert 
hydrocortisone to cortisone and also to reduce cortisone to hydrocortisone. This 
tissue is capable of converting cholesterol and A*-pregnene-38-ol-20-one to 
progesterone, the latter precursor being at least 10 times more efficient than 
cholesterol in this respect. 

The addition of the trophic hormones ACTH, HCG, and prolactin did not 
stimulate the production of the measured steroids under the experimental condi- 
tions employed. 

Rat placental tissue did not secrete aldosterone, corticosterone, or any other 
A‘-3-ketonic steroids of similar polarity in measurable amounts when incubated 
under in vitro conditions. 


Introduction 


The observations of increased levels of blood and urinary 17-hydroxy- 
corticosteroids in human pregnancy (1, 2, 3) associated with a rising output of 
aldosterone (4, 5, 6) have suggested to many investigators that adrenal function 
is increased in this condition. Pregnant women with adrenal insufficiency also 
excrete greater quantities of corticoids in the last trimester of pregnancy (7, 8, 
9) but these steroids appear to be refractory to ACTH stimulation (10). As 
pregnancy appeared to ameliorate certain conditions associated with low 
adrenal cortical function (11, 12, 13), it has been assumed that the placenta 
may elaborate corticosteroids. 

In the present study human placentae obtained at elective Caesarean section 
were minced and incubated in Krebs-Ringer solution with the aim of demon- 
strating a production of aldosterone and other corticosteroids; analyses for 
progesterone were simultaneously carried out. The trophic hormones ACTH, 


1Manuscript received October 14, 1960. 

Contribution from the Department of Investigative Medicine, McGill University, and the 
University Clinic, Royal Victoria Hospital, Montreal, Que. 

*Supported by grants to S. Sybulski from the Banting Research Foundation, University of 
Toronto, and by grants from the National Research Council of Canada to Dr. J. S. L. Browne 
and Dr. E. H. Venning. 
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prolactin, and human chorionic gonadotrophin (HCG), and certain precursors 
of adrenal cortical hormones were added in some cases to the incubation media 
in an effort to stimulate steroidogenesis. Slices of rat placenta were also incu- 
bated and the medium analyzed for aldosterone and corticosterone, the major 
corticosteroids produced by this species (14, 15). 


Methods 


The human placentae were rapidly converted into a mince with scissors and 
the cut tissue was immediately suspended in ice-cold Krebs—Ringer solution. 
This mixture was made homogeneous by thorough stirring and as much fluid 
as possible was filtered off prior to weighing of the tissue. Three to four aliquots 
of approximately 100 g each were used. Throughout the entire preparatory 
procedure the tissue was maintained at ice-water temperature. 

The incubations were carried out in beakers in a constant temperature bath 
at 37° C. Oxygenated Krebs-Ringer bicarbonate solution at pH 7.4 containing 
200 mg% glucose was the incubation medium used in amounts of 5 ml per g of 
tissue; 95% Oz plus 5% CO: was bubbled through the medium continuously. 
The total time of incubation of the placentae varied from 3 to6 hours. Penicillin 
was added when the incubation time was longer than 3 hours. 

The trophic hormones were dissolved in $% acetic acid solution and the 
steroid substrates were dissolved in propylene glycol prior to their addition to 
the incubation medium. Human chorionic gonadotrophin was obtained through 
the courtesy of Dr. L. I. Pugsley from the Department of National Health and 
Welfare, Ottawa. Ovine prolactin was kindly donated by Dr. R. T. Hill of the 
Endocrinology Study Section, National Institutes of Health, Bethesda, 
Maryland, and hog adrenocorticotrophin was prepared by Nordic Biochemicals. 

After incubation, the media were extracted with redistilled ethyl acetate. 
These extracts were partially purified by partitioning between aqueous me- 
thanol (70%) and petroleum ether and the aqueous phase was extracted with 
redistilled chloroform. 

The possibility was considered that placental tissue may produce various 
21-carbon steroids but not release them freely into the incubation medium due 
to protein binding or other phenomena. In some experiments, therefore, the 
samples of tissue were extracted as well as the medium. The tissue was first 
homogenized with water in a Potter-Elvehjem apparatus. The proteins were 
removed from the homogenates by acetone precipitation and steroids were 
extracted from an aqueous residue in the usual way. Hydrolysis of placenta 
with 5% NaOH solution followed by ether extraction was a second method 
used to recover more progesterone from the tissue (16). 

Each of the partially purified extracts was first chromatographed on paper 
in the heptane — propylene glycol system (17) for 4 hours. In this time pro- 
gesterone moved about one-half way down the length of the paper strip, 
adrenal-like steroids remained at the starting line, while most of the fat and 
pigment moved with the solvent front, well below progesterone. 
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The progesterone zone was eluted with alcohol and reapplied on narrow 
strips in the same system for greater purification prior to measurement. The 
more polar steroids were eluted and separated by chromatography in a series of 
systems including chloroform—formamide (18), Bush C and BS (19), and 
toluene — propylene glycol (20). Steroids separated by these methods were 
detected on the paper by virtue of their absorption of U.V. light at 240 my 
and (or) positive reaction with blue tetrazolium (BT) reagent in a spot test. 
The appropriate zones were then eluted with purified ethanol and aliquots 
estimated quantitatively for content of A‘-3-ketone steroid by intensity of 
U.V. light absorption in the region of 240 my in a Beckman DU spectrophoto- 
meter and also by the isonicotinic acid hydrazide reaction (21). Steroids with 
the alpha-ketol group were measured by the BT reaction as described by 
Nowaczynski et al. (22). The soda fluorescence method of Neher and Wettstein 
(23) was used as a semiquantitative measurement of steroids in amounts of 
2 wg or less on the paper strip. 

Steroids were characterized by virtue of their chromatographic mobility in 
comparison with that of authentic substances, by their absorption of U.V. light, 
and by their reaction with BT reagent. Placental cortisone furthermore showed 
absorption of U.V. light in concentrated H:SQ, similar to that of a standard 
cortisone. Isolated progesterone was identified by infrared spectrophotometry. 


Results 


Seven U.V. light absorbing substances were isolated from the incubation 
media of human placentae (Table I). These include hydrocortisone, cortisone, 
progesterone, and four unidentified steroids. Of the latter, compound X;, is of 
interest since it had, in three chromatographic systems, a mobility similar to 
that of aldosterone. Since 8-ug quantities as estimated by U.V. absorption 
failed to reduce BT while another 5-yg portion did not show any sodium- 
retaining activity in a bio-assay on adrenalectomized rats which measures as 
little as 2 wg of aldosterone (48), compound X, was not considered to be 
identical with aldosterone. 

Of the more polar steroids, cortisone was always present in the greatest 
quantity, then hydrocortisone, and compound X, was least in amount; the 
average values per 100 g of tissue were 13.71, 4.48, and 2.31 ug, respectively. 
An average of 114.21 ug progesterone per 100 g was similarly isolated. 

Attempts to isolate 17-hydroxyprogesterone and 11-ketone or hydroxy 
derivatives of progesterone from the incubation media of three placentae were 
not successful but led to the isolation of the three substances designated as 
compounds Xe, X3, and X4. Of these, only X4 appears to be a substance resem- 
bling the corticoids, i.e., a A‘-3-ketonic steroid by virtue of its characteristic 
U.V. light absorption in ethanol and concentrated H2SO,. It was found in 
trace quantities in the incubation medium of a total of 268 g of placenta and in 
amount corresponding to 14.25 ug of hydrocortisone equivalents in the blood 
content of another placenta. Compound X; was the preponderant unidentified 
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substance according to its intensity of U.V. light absorption on paper strips 
developed in toluene — propylene glycol, in which system it moved between 
standard compounds A and B. It absorbed U.V. light in alcohol maximally at 
272 my, which is close to the 280-myz maximum characteristic of natural 
oestrogens (49). 

Table II shows the influence of time on the quantity of cortisone and 
progesterone isolated from the incubation media. Fresh medium was used for 
each period of incubation. It is evident that the placentae yielded only negli- 
gible amounts of cortisone after the initial period, which was of 1- or 3-hour 
duration and the decrease with time was greater than that observed with 
progesterone. The other more polar steroids, hydrocortisone and compound Xi, 
were no longer detectable after the initial incubation period. 


TABLE II 


Influence of time on quantity of steroids isolated 
from incubation media of human placentae 








Steroids isolated 











Cortisone Progesterone 
Period of Duration 
Expt. incubation (hours) ug/100 g¢ wg /100 g/hr ug/100g = wg /100 g/hr 
1 First 1 21.00 21.00 103.00 103.00 
Second 2 5.32 2.66 50.37 25.19 
2 First 1 21.60 21.60 90.42 90.42 
Second 2 2.15 1.08 40.90 20.45 
Third 2 1.08 0.54 33.90 16.95 
3 First 3 12.30 4.10 79.97 26.66 
Second 3 1.74 0.58 51.46 17.15 
4 First 3 7.20 2.40 77.00 25.67 
Second 3 0.74 0.25 41.50 13.83 





Other experiments indicate that the measured corticosteroids were not 
elaborated under the in vitro conditions employed. They were either present 
in the placental tissue before incubation or appeared as a result of the metabo- 
lism of cortisone and diffused readily into the incubation medium. In these 
experiments the placenta was incubated for 3 hours alone or with steroid 
precursors, as shown in Table III, and then the tissue was homogenized. The 
incubation media and homogenates were extracted separately. The controls 
consisted of tissue which was not incubated but homogenized and extracted at 
zero hour of the experiments. 

Incubation did not lead to a significant increase in the quantity of compound 
X;, or in the sum of cortisone plus hydrocortisone above the amount which was 
extracted from the non-incubated samples. Incubation of one of these placenta 
(No. 1) actually resulted in a decrease in the quantity of cortisone to approxi- 
mately one-half of the preincubation level. This decrease of cortisone was due 
apparently to an in vitro metabolism as the same sample showed a content of 
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TABLE III 
Steroid content of human placentae incubated alone or with steroid precursors 








ug steroid isolated/100 g tissue 








Expt. Sample E F Xi Progesterone 
1 (a) Control* 33.00 1.86 8.25 255.00 
(b) Incub.f alone: 
medium 15.36 9.00 7.50 93.75 
homogenate 1.14 1.50 1.14 150.00 
2 (a) Control 12.80 0.00 0.00 183.00 
(6) Incub. + 5.0 mg cholesterol: 
medium 7.65 <2.00t 0.00 127.84 
homogenate 1.68 0.00 0.00 149.14 
(c) Incub. + 2.5 mg A®*-pregnene- 


38-ol-20-one: 


medium 9.75 <2.00f 0.00 670.39 
homogenate 2.20 0.00 0.00 586.59 
3 (a) Control 8.90 0.00 3.50 
(6) Incub. + 5.0 mg progesterone: 
medium + homogenate 10.25 0.00 6.65 





*Controls were tissue not incubated but homogenized before extraction. 
tAll incubations were of 3-hour duration. , 4 
tSoda fluorescence test was positive on 1.5 cm wide paper strips. 


hydrocortisone well above the control value. But this conversion of cortisone 
to hydrocortisone was barely detectable in another placenta (No. 2) and was 
not observed in a third one (No. 3). 

The reverse of the reaction described above, which involved hydroxylation 
of the 11-ketone group of cortisone, occurs readily within the placenta in vitro. 
Upon the addition of relatively large quantities of hydrocortisone to the incu- 
bation medium of two placentae as shown in Table IV, the amount of cortisone 


TABLE IV 


Conversion of hydrocortisone to cortisone by human placental tissue in vitro 








ug cortisone isolated/100 g tissue 





Incubation period 











Expt. Sample 0-3 hours 3-6 hours 
1 Control 12.30 1.74 
Hydrocortisone added, 182 ug/100 g tissue 39. 33 16.06 
2 Control 7.20 
Hydrocortisone added, 364 ywg/100 g tissue 65.00 





per 100 g of tissue was significantly increased above control levels. In experi- 
ment 1 an extra 27.03 and 14.32 yg of cortisone were isolated per 100 g of tissue 
in the succeeding 3-hour incubation periods. The extent of this conversion to 
cortisone was approximately doubled when twice as much of the hydrocortisone 
substrate was added in experiment 2. 

Incubation of placental tissue with cholesterol or A*-pregnene-38-ol-20-one, 
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Table III, experiment 2, did not result in an increase in the amounts of com- 
pound E plus compound F and X, extractable from the medium. Added 
progesterone (and also 17-hydroxyprogesterone) similarly did not influence to a 
significant extent the quantity of the measured corticosteroids, experiment 3. 

Although an in vitro production of progesterone by placental tissue could not 
be demonstrated under the conditions of these incubations (experiment 1) 
when precursors such as cholesterol or A®-pregnene-3@-ol-20-one were added 
(experiment 2), the amount of progesterone extracted from the medium and the 
homogenate was considerably greater than the amount found in the control 
tissue. In the presence of A*-pregnene-38-ol-20-one and cholesterol, pro- 
gesterone was elaborated at a rate of 357.99 and 31.33 ug per 100 g tissue per 
hour, respectively. 

In the experiments shown in Table III, an effort was made to isolate the 
reduced compounds THF and THE, the major metabolites of either cortisone 
or hydrocortisone, from the incubations with the aim of showing a possible 
elaboration of these metabolites by placenta under in vitro conditions. Each 
sample was therefore extracted for steroids conjugated with glucuronic acid as 
well as for the free steroids. A production of the reduced metabolites could not 
be observed, however, when placenta was incubated alone or with the various 
steroid substrates. 

Various trophic hormones were added to the incubation media in an effort 
to stimulate steroidogenesis. These included a luteotrophic hormone, prolactin, 
also human chorionic gonadotrophin (HCG), and ACTH. At no time did the 
addition of these substances influence the values of the measured steroids 
significantly as shown in Tables V and VI. 


TABLE V 


Addition of human chorionic gonadotrophin (HCG) and adrenocorticotrophin (ACTH) 
to the incubation media of human placentae 








Steroids isolated from media of 0 to 3 hours’ 
incubation of tissue in wg/100 ¢g of tissue 








Expt. Sample Progesterone Cortisone Hydrocortisone Compound X; 
1 Control (1) 129.40 11.26 8.24 1.32 
Control (2) 119.30 — 7.37 1.20 
7 units HCG/g 119.70 12.50 7.83 1.69 
2 Control (1) 131.32 23.15 0.00 0.00 
Control (2) 131.08 24.08 0.00 0.00 
10.4 units HCG/g 134.05 18.54 0.00 0.00 
(after first hour) 
3 Control 136.00 14.30 3.20 0.95 
32.7 units HCG/g 137.19 13.70 3.81 1.01 
4 Control 136.00 14.30 3.20 0.95 
4.9 units ACTH/g 130.00 14.35 3.50 0.94 
5 Control 79.97 12.30 3.48 0.00 
8.0 units ACTH/g 76.67 12.15 3.67 0.00 
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Experiments with Rat Placenta 


Placental tissue obtained from pregnant rats near term (approximately 
20th day) was rapidly cut into small pieces with fine scissors and incubated in 
Krebs-Ringer bicarbonate solution in amounts ranging from 1.3 to 10.0 g. 
Six experiments were carried out and in five of these the quantity of tissue 
incubated approximated 13 times the amount of placenta present in one 
pregnant rat close to term. 

In none of these experiments was it possible to detect aldosterone, cortico- 
sterone, or any other A‘-3-ketonic steroid of similar polarity in the extracts of 
the incubation media. This suggests that the rat placenta did not produce 
corticosteroids under the in vitro conditions employed. 


Discussion 


The possibility that the placenta may elaborate adrenal cortical hormones 
has been investigated by a number of workers. DeCourcy et al. (25) isolated 
cortisone and traces of other A‘-3-ketonic steroids in extracts of placenta and 
later these findings were confirmed by others (26, 27). Aldosterone was found 
to be present in very small quantities, 3 ug per kg prefrozen tissue, by Berliner 
et al. (28). This low occurrence may explain the failure to detect aldosterone 
in the present study where only approximately 100-g samples were analyzed. 
The unknown compound Xj, with chromatographic mobilities similar to aldo- 
sterone, may be identical with either of the compounds II or III isolated from 
human urine by Nowaczynski et al. (29). 

The presence of adrenal-like steroids in the placenta does not necessarily mean 
that they are produced by this highly vascularized tissue. According to Migeon 
et al. (24) values of maternal plasma 17-hydroxycorticosteroids range from 
8.6 to 35.8 wg per 100 ml at the time of elective Caesarean section performed 
approximately two weeks before term. Assuming a high level of 35.8 ug% 
then 100 g of placental tissue might contain a maximum of approximately 4 ug 
of these steroids due to the blood content alone, which was found by Salhanick 
et al. (30) to account for 10% of placental weight. In the present study non- 
incubated placentae extracted after much of the blood had been removed 
contained from 8.90 to 33.00 ug of cortisone per 100 g of tissue. This may be 
due to a concentration by the placenta of cortisone following the oxidation of 
hydrocortisone by this tissue. A conversion of hydrocortisone to cortisone by 
placenta in vivo appears likely as it was observed in the present study under 
in vitro conditions. The presence of a system which can concentrate cortisone 
in placenta is described in a report of Salhanick et al. (31). 

An elaboration of aldosterone and other corticosteroids could not be demon- 
strated when minced placental tissue was incubated either alone or in the 
presence of trophic hormones such as ACTH, HCG, and prolactin. Cholesterol, 
A®-pregnene-3-ol-20-one, and progesterone were not converted into cortico- 
steroids by placental tissue. Similar findings on placental homogenates by 
Endroczi et al. (32) and perfusion experiments (33) have been reported. These 
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results agree with the more recent in vivo investigations on totally adrenal- 
ectomized and otherwise adrenal-deficient pregnant women where attempts to 
discontinue corticosteroid replacement therapy have generally precipitated 
signs of acute adrenal insufficiency. The failure to detect significant amounts 
of aldosterone and hydrocortisone-like substances in the urine of these patients 
suggests that neither the placenta nor the fetal adrenal is an important source 
of these steroids (34, 35, 36, 37). 

Similar negative findings with rat placenta were observed in the present 
study. Aldosterone and corticosterone were not elaborated in detectable quan- 
tities under in vitro conditions. With respect to aldosterone this result would 
appear to agree with the observation of Greep (38) that the rat placenta is not 
a source of any substance which affects water metabolism. 

Evidence that the placenta is the major source of progesterone in the latter 
half of pregnancy is considerable but largely indirect. Jailer et al. (8) and others 
(9, 35, 37) have reported that women who are adrenal deficient in late pregnancy 
continue to excrete amounts of pregnanediol in the urine which are in the range 
observed in normal pregnant women. Similar findings were observed by Henry 
et al. (39) in patients who lacked the corpus luteum of pregnancy in the latter 
half of gestation. These observations coupled with the one of Pearlman and 
Thomas (40) that placental blood contains approximately four times as much 
progesterone as does maternal peripheral blood strongly suggest a placental 
output of this hormone. 

According to Pearlman (41) approximately 250 mg of progesterone are 
elaborated per day close to term. But a production of this magnitude by 
placenta under in vitro conditions appears difficult to show. In the present 
study a considerable elaboration of progesterone was obtained when its direct 
precursor A®-pregnene-38-ol-20-one was added to an incubation although at a 
rather low substrate level. The rate observed, 357.8 ug per g tissue per hour, 
would correspond to a production of 42.9 mg progesterone per day by a normal- 
sized, approximately 500 g, placenta. With cholesterol as substrate less than 
1/10th of this rate of conversion was observed. Both these substances were 
previously shown to be precursors of placental progesterone, the pregnenolone 
by Samuels et al. (43) and others (52) and cholesterol by Solomon et al. (42). 
No increase in progesterone was obtained in the present study when placental 
tissue was incubated alone, with exogenous ACTH and HCG, or prolactin. 
The latter two hormones were used because of their known luteotrophic activity. 
Homogenates incubated with ACTH or HCG by Endroczi et al. (32) were 
similarly inactive and perfused placenta did not give consistent results (33). 

Progesterone is apparently rapidly metabolized since maternal peripheral 
blood levels of this hormone remain surprisingly low throughout gestation 
although urinary pregnanediol progressively increases. The liver appears to be 
the most important site of degradation of progesterone. Jones et al. (44) suggest 
that the liver may metabolize progesterone selectively at the expense of 17- 
hydroxycorticosteroids such as hydrocortisone during the latter half of 
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pregnancy. 

It has now been well established by the experiments of Migeon et al. (45) and 
others (44) that there is a delay in or an alteration in the routes of metabolism 
of the adrenal cortical steroids in pregnancy. The placenta appears to be 
implicated in the phenomenon of high blood and urinary corticoids in human 
gestation not through the production of these steroids but rather through its 
elaboration of the hormones of pregnancy, progesterone, and oestrogens (36, 
46, 47). 
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URINARY EXCRETION OF ADRENALINE AND NORADRENALINE 
IN NORMAL AND COLD-ADAPTED ANIMALS! 


J. A. LEBLANC? AND Guy NADEAU 


Abstract 


The urinary excretion of adrenaline and noradrenaline in normal and cold- 
adapted rats was investigated. The level of noradrenaline was found to be 15 
times higher than that of adrenaline in both normal and cold-adapted animals. 
A fivefold increase of these two amines was observed in animals adapted to cold. 
A study in adrenalectomized rats indicated that this increased excretion of 
adrenaline in cold-adapted animals originated from the adrenals, whereas the 
increase in noradrenaline would have been secreted outside these glands. 


Introduction 


Most of the action of adrenaline or noradrenaline may be classified as either 
metabolic or cardiovascular. Cold-adapted animals are known to be more 
sensitive to the metabolic effect of noradrenaline (1, 6) and we have shown 
recently that this is also true for the cardiovascular effect of this amine (7). 
However, although adrenaline caused a larger increase in oxygen consumption 
in cold-adapted animals, it did not increase their blood pressure response (7). 
To find out whether the different responses of cold-adapted rats to these amines 
is related to rate of secretion, urinary excretion of both adrenaline and nor- 
adrenaline was studied in normal and cold-adapted rats. The animals were 
then adrenalectomized and the same determinations repeated to locate the site 
of secretion of adrenaline and noradrenaline in normal and cold-adapted 
animals. 


Material and Methods 


Two groups of 10 white rats were used, each animal having a final weight of 
approximately 400 g. The experimental group was kept for 7 months at 10° C 
while the control group was maintained at 25° C. At end of this period, 24-hour 
urine samples were collected. In the control group urine samples were often 
pooled to obtain samples containing sufficient amounts of adrenaline and 
noradrenaline to be detected by our method. The results, however, are always 
expressed as micrograms per rat per 24 hours. Once these determinations were 
made, a bilateral adrenalectomy was performed by the dorsal route under light 
ether anesthesia. After the operation the animals were returned to their respect- 
ive rooms and 0.9% NaCl was added to their drinking water. The 24-hour urine 
samples were again collected. The urine samples were collected in 0.5 ml of 
0.1 N HCl. The amines were extracted by absorption on alumina, transformed 

‘Manuscript received August 9, 1960. 
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in fluorescent lutins (2, 3), and estimated fluorimetrically. The determinations 
were made on a filter-type fluorometer using the electronic circuit of Aminco 
microphotometer. Two primary filters were used according to the differential 
method described by Price (8). 


Results 
The results are summarized in Table I. Before adrenalectomy the level of 


noradrenaline in urine was about 15 times that of adrenaline in both normal and 
cold-adapted rats. The urinary adrenaline and noradrenaline both show a 


TABLE I 


Daily excretion of adrenaline and noradrenaline in normal and 
cold-adapted rats before and after adrenalectomy 








Vol. urine Adrenaline Noradrenaline q 





Group (cc/24 hr) (ug/24 hr) (ug/24 hr) adrenaline 
(a) Before adrenalectomy 
Normal (10) * 10+2+ 0.13+0.08 1.84+0.6 6 
Cold (12) 33 +4 0.64+0.14 9.71+1.6 6 
(b) After adrenalectomy 
Normal (5) 62 +15 O.13+ .12 1.90+0.7 5 
Cold (6) 50+20 0.00 7.62+0.7 0 





*No. of animals. 
+Mean + S.E.M. The excretion in the cold group is always significantly (P >0.01) higher than in the normal 
group except for the excretion of adrenaline in the cold-adrenalectomized group where it is lower. 


fivefold increase in cold-adapted rats. After adrenalectomy the quantity of nor- 
adrenaline in the urine remained essentially unchanged in both groups. How- 
ever, the excretion of adrenaline in cold-adapted animals ceased and for this 
reason the percentage of adrenaline falls from six to zero. The quantity of 
adrenaline excreted by normal rats is always low and close to the limit of 
sensitivity of our method. All these results are significant at the 1% level. 


Discussion 


The increased metabolic response of cold-adapted animals to both adrenaline 
and noradrenaline may be correlated with the increased urinary levels of both 
these amines (1, 6). However, although there is similar correlation between the 
increased cardiovascular response of cold-adapted rats to noradrenaline and 
the increased excretion of this substance in urine, this is not the case for adre- 
naline (7). If the greater excretion is taken as an indication of increased secre- 
tion, then the higher sensitivity of cold-adapted animals to noradrenaline may 
be related to its increased secretion. Here again the absence of increased sensi- 
tivity of cold-adapted rats to the vascular effect of adrenaline would make an 
exception to this interpretation. In any event this increased excretion of both 
adrenaline and noradrenaline in cold-adapted animals resembles the increased 
excretion observed with another metabolic stress i.e., muscular activity (5). 

The continuing excretion of noradrenaline after adrenalectomy indicates 
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that its secretion occurs outside the adrenals. A similar finding was reported 
by Euler in man (4). However, it seems that the increased excretion of adre- 
naline observed in cold-adapted animals originates from the adrenals since it is 
abolished by adrenalectomy. 
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EFFECT OF COLD EXPOSURE ON RESPIRATORY CO, 
PRODUCTION DURING INFUSION OF ALBUMIN- 
BOUND PALMITATE-1-C" IN WHITE RATS! 


ROBERTO MASIRONI? AND FLORENT DEPOCAS 


Abstract 


Albumin palmitate-1-C' complex was infused at a constant rate through a 
carotid cannula (inserted 5-7 days earlier) into otherwise intact non-fasted rats 
in environments at 30° or 6° C, after acclimation to 30° or 6° C. At 6° C, both 
warm- and cold-acclimated rats similarly exhaled as CO, a larger proportion of 
the injected C™ and gave lower terminal amounts of C™ in the extracted free 
fatty acids (F.F.A.) of plasma than at 30° C. These results indicate that plasma 
F.F.A. serve as substrate for cold-thermogenesis. Also, increased turnover and 
oxidation of F.F.A. are not always inversely related to carbohydrate utilization 
but may be increased under conditions which result in concomitantly higher 
rates of turnover and oxidation of glucose. 


Introduction 


Cold-thermogenesis in warm- and cold-acclimated rats has recently been 
shown to be associated with an increase in oxidation of body glucose which is 
approximately proportional to the increase in respiratory CO, production (1). 
Since a large proportion of the respiratory CO, in cold and warm environments 
was derived from non-carbohydrate reserves, other substrates involved in the 
production of heat in the white rat remain to be identified. 

Much recent work has shown the importance of that small fraction of plasma 
lipids found as albumin-bound fatty acids (F.F.A.) which is responsible for the 
supply of fat to tissues for oxidative metabolism (2). Its concentration in blood 
is dependent on the nutritional status of the animal and on alterations in 
hormonal balance. In order to assess the importance of F.F.A. in the increased 
thermogenesis induced by exposure to cold, non-fasted warm- and cold- 
acclimated rats were infused at a constant rate with trace amounts of sodium 
1-C'-palmitate as the albumin complex; the respiratory CO, production 
during infusion and the concentration and C™-content of the extracted plasma 
F.F.A. after infusion were measured. 


Methods 


Sixteen male Sprague-Dawley rats weighing on the average 216 g were 
randomly allocated to two equal lots, one maintained at 30° C and the other at 
6° C for an average of 65 days. The rats were kept in individual cages and 
Master Fox Chow and tap water were supplied ad libitum. After acclimation, 
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when the warm-acclimated rats weighed on the average 385 g (range 360-408) 
and the cold-acclimated rats 370 g (range 328-398), a polyethylene cannula 
was inserted in the carotid artery of each rat by a technique described by 
Popovic and Popovic (3). Disodium ethylene diamine tetraacetate 1% was 
used as anticoagulant instead of heparin. The rats were used 5 to 7 days after 
cannulation when their weight was 96% of that at cannulation. 

The albumin palmitate-1-C'* complex was prepared according to Masoro 
and Felts (4) as follows: A 0.050-ml aliquot of a solution of 6.44 mg palmitic 
acid-1-C™ (7.8 zcuries per mg) in 1 ml of benzene was evaporated to dryness 
in vacuo and then dissolved with slight heating in 0.40 ml of 0.04 N NaOH in 
methyl alcohol. After evaporation of the alcohol in an air stream, the labeled 
Na palmitate was dissolved in a few drops of hot water and 0.5 ml of a solution 
of 5.9% crystalline bovine serum albumin (Armour) was added and the volume 
adjusted to 2 ml with distilled water. The final solution for infusion had a pH 
of 7.5 and contained 0.322 mg palmitic acid and 29.5 mg albumin, that is a 
molar ratio of fatty acid to albumin of 3 to 1. The intra-arterial continuous 
infusion was made with a 2-ml syringe mounted on a variable-speed infusion 
pump (Harvard Apparatus Co. Inc., model 600-900) set to deliver 0.0080 ml 
per minute, that is 5X10-* meq palmitic acid as albumin complex per minute 
per rat. : 

Each rat was enclosed in a glass metabolism cage allowing remote infusion 
of materials (1) and left free for 30 minutes. A spiral polyethylene extension 
was then connected to the arterial cannula on the rat and infusion of the labeled 
albumin palmitate complex was started 1 hour later. Respiratory CO: was 
collected in 10% NaOH at intervals of 30 minutes throughout the infusion 
period, which lasted 3 hours. At the end of infusion, the rat was anesthetized 
by intra-arterial injection of sodium pentobarbital (80 mg/kg) and 10 ml of 
blood was withdrawn from the jugular vein, heparin now being used as anti- 
coagulant. After centrifugation in the cold, the plasma was lyophilized and 
stored at —40° C. F.F.A. were extracted and titrated according to Gordon (5). 

Respiratory CO, output was obtained by the Van Slyke— Neil manometric 
analysis of the sodium carbonate solutions. Barium carbonate samples were 
prepared from the sodium carbonate solutions and counted. The C'-content 
of the extracted F.F.A. was measured by counting BaCO; samples obtained 
after combustion of an aliquot of the iso-octane solution of F.F.A. which had 
been evaporated to dryness after addition of palmitic acid as carrier. All 
measurements of radioactivity were made with a Nuclear Chicago Model D47 
counter and were corrected to infinite thinness by means of correction factors 
determined with the same instrument. 


Results 


Figure 1 gives the proportion of the C“ injected per minute as palmitate-1-C™“ 
albumin complex which appeared per minute in the respiratory CO. during the 
continuous infusion. At 30° C, warm- and cold-acclimated rats exhaled steadily 
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Fic. 1. Average respiratory C“O, production during continuous intra-arterial infusion 
of palmitate-1-C'-albumin complex into non-anesthetized warm- (O, @) and cold- 
(O, @®) acclimated white rats at 30° C (open symbols) and 6° C (closed symbols). The 
results are expressed as the percentage of the activity in the palmitate-1-C™ infused per 
minute which was recovered in the respiratory CO, per minute during successive collection 
periods of 30 minutes. Vertical lines indicate total range of values for each group of four 
rats in the last interval of collection of respiratory CO:. 





increasing amounts of CO, and there was little tendency towards attainment 
of a steady value. At 6° C, a similar pattern was obtained but with markedly 
higher proportions of the injected C“ being evolved as CO, during all intervals 
of collection of the respiratory COs. 

Table I lists the other results obtained. Warm-acclimated rats at 30° and 
6° C along with cold-acclimated rats at 30° C gave similar terminal values of 
plasma F.F.A. concentration. Cold-acclimated rats at 6° C showed a signi- 
ficantly lower concentration of plasma F.F.A. than any of the other groups. 
The terminal specific activities of plasma F.F.A. were significantly smaller in 
30° and 6° C acclimated rats when exposed to 6° C as compared to those exposed 
at 30° C. Respiratory CO, output and the ‘“‘percentage of C“ infused per minute 
exhaled as CO, per minute’’ during the last interval of collection were signi- 
ficantly larger in the rats exposed to 6° C than in the rats exposed to 30° C. 
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Discussion 


Continuous intravenous infusion of albumin palmitate-1-C" failed to yield 
a plateau in specific activity of respiratory CO2. Extensive recycling of labeled 
compounds in compartments not on the direct pathway of oxidation of F.F.A., 
such as incorporation into adipose tissue and plasma triglycerides (6, 7), could 
account for this observation. 

The significance of the lower terminal concentration of plasma F.F.A. in the 
cold-acclimated rats at 6° C is difficult to assess. More data would be required 
for a thorough evaluation of the effect of exposure temperature on the highly 
variable concentration of F.F.A. in plasma. Sequential determinations are 
not yet feasible with the rat due to the large volumes of plasma required. 
Nevertheless, it remains that the higher respiratory CO, output coupled with 
the lower terminal specific activity of plasma F.F.A. in both warm- and cold- 
acclimated rats in an environment at 6° C as compared to one at 30° C strongly 
indicates faster turnover and oxidation rates of F.F.A. in the cold, previous 
acclimation to a warm or cold environment having little effect on the response. 

Increase in F.F.A. utilization has been associated with decrease or impair- 
ment in carbohydrate metabolism. F.F.A. concentration in plasma is increased 
in fasting (8) and in diabetic acidosis (9) and is decreased by administration 
of glucose (7, 10) and hormones that increase glucose utilization in peripheral 
tissues (2). 

The demonstration of an increase in F.F.A. turnover and oxidation in rats 
forced to raise their caloric output by exposure to cold in this study, in con- 
junction with the previous demonstration of an increase in glucose oxidation in 
similarly treated rats (1), indicates that the extent of F.F.A. metabolism is not 
always inversely related to carbohydrate utilization. Cold-thermogenesis in 
rats is associated with simultaneous increased oxidation of both glucose and 
F.F.A. 

The hormonal agents effective in this response are still not clearly identified. 
Direct stimulation of glucose oxidation by adrenaline and the quantitative 
importance of this amine in the cold response remain controversial (11, 12, 13). 
Although both adrenaline and noradrenaline are effective in increasing mobili- 
zation of F.F.A. from adipose tissue (14, 15) these substances have not yet been 
shown to stimulate oxidation of F.F.A. by peripheral tissues. Also the marked 
increase in the calorigenic response of cold-acclimated rats to noradrenaline 
(16, 17) remains to be related to specific metabolic alterations induced by 
acclimation. 
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THE VALIDITY OF RATES OF GLUCOSE APPEARANCE IN 
THE DOG CALCULATED BY THE METHOD OF 
SUCCESSIVE TRACER INJECTIONS 


I. EFFECTS OF SURGICAL HEPATECTOMY, EVISCERATION, 
AND ORDER OF TRACER INJECTION! 


G. HETENYI, Jr., A. M. RAPPAPORT, AND G. A. WRENSHALL 


Abstract 


The validity of the method of successive tracer injections has been tested 
in vivo. Changes in the rates of C!*-glucose appearance, calculated at each time 
of injection of a trace amount of C"-glucose as tracer, were compared with the 
corresponding measured changes in rates of intravenously infused C'*-glucose in 
five hepatectomized and two eviscerated dogs. Computer analysis of all data 
indicated that three of four large discrepancies between measured and tracer- 
calculated changes in the rate of C'?-glucose appearance were associated with poor 
performance of experiments. Aside from these discrepancies, the method of 
successive tracer injections provided grouped absolute values for the changes in 
calculated rates of C'*-glucose appearance in nine other comparisons which were, 
on the average, 6% higher than the corresponding changes in the measured rate of 
C'*-glucose infusion (S.D. +9%). This degree of correspondence was not notice- 
ably affected by the order of tracer injections. The data show some indications of 
C!2-glucose production by the abdominal viscera following hepatectomy. Mis- 
representation of tracer-calculated rates of appearance as “turnover rates”’ is 
criticized. 


Introduction 


There are now many published values for the rates at which various con- 
stituents appear in the blood plasma compartment of living animals. Most of 
these have been calculated by methods requiring isotopic tracers, and are 
frequently termed ‘‘turnover rates’. Tracer methods and assumptions by 
which such rates of appearance have been calculated have been reviewed 
(1, 2, 3). 

A search of these and other publications describing tracer methods for 
calculating rates of metabolic processes reveals a scarcity of tests which under- 
take to demonstrate the validity of such rates in living systems calculated by a 
given tracer method. The work of McClintock and her colleagues (4) and of 
Walser and Bodenlos (5) on excretory products of whole animals deserves partic- 
ular mention in this regard. Direct validity tests of tracer-dilution methods for 
the calculation of rates of appearance and of disappearance of a fluid in the 
compartments of hydrodynamic model systems have been reported (6, 7, 8, 9, 
10). However, at best such models represent only crude approximations to 
living systems, incorporating into their design assumptions concerning com- 
partments, their number, pattern, and the rapidity with which their contents 
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approach a state of uniform intermixing with added tracer substance. In the 
final analysis the validity of any tracer-calculated rate at which a specific 
substance appears in the blood plasma compartment of a selected species of 
animal should be demonstrated with the given substance in the selected 
species. 

The objective in this paper is to test the ability of the method of successive 
tracer injections (10) to provide valid calculated changes in rates of glucose 
appearance in both hepatectomized and eviscerated dogs. In these acute surgi- 
cal preparations the major if not the entire source of endogenous glucose is 
removed. Tracer-calculated rates of glucose appearance and their changes are 
compared both with the constant measured rate of glucose infusion and with its 
changes, both to and from a zero rate of glucose infusion, in successive periods 
in each experiment. 

Each experiment required an extensive series of procedures to be performed 
by a team of four persons. In order to take account of variations in the per- 
formance of these procedures, an index of technical performance was set 
up, and was evaluated for each experiment separately from the calculation of 
rates of glucose appearance. All data for this latter calculation were processed 
in the same way using the IBM-650 computer at the Computation Center, 
University of Toronto. 


Premises and Theory 


All calculations from tracer data of rates of appearance of glucose will be 
based on the following assumptions: 

(a) that, following its injection, the C'*-labelled glucose used as a tracer is, 
or quickly becomes, chemically identical with the glucose in the blood plasma 
and other regions of the dog, and that the dilution principle applies following 
the intermixing and during the metabolism of the glucose mixture; 

(b) that the processes governing the turnover of the body glucose may be 
described as continuous functions of the time both during and following the 
period allowed for intermixing after tracer injection, thus permitting the extra- 
polation of such functions back through the intermixing time to the time of 
tracer injection. 

In addition to essential assumptions (a) and (b), the following premises will 
be made to facilitate analyses: 

(c) that, after allowing a standard intermixing time, the data for the specific 
activity of plasma glucose can be fitted in every case to a single semilogarithmic 
function of the time after the latest intravenous injection of C'4-glucose; 

(d) that the apparent rate of appearance of glucose, calculated for periods 
when the rate of C!*-glucose infusion is zero, is constant throughout an experi- 
ment. 

Premise (c) is just a statement of the standardized procedure to be followed 
in presenting fitted functions to the computer for analysis. The data from a 
typical experiment illustrate the suitability of the function chosen (Fig. 1). 
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However, other kinds of functions could have been chosen to represent these 
data effectively. With regard to premise (d), it is shown elsewhere (12) that 
this apparent rate of appearance is the result of incomplete distribution of 
injected C'4-glucose within the 1-hour period of observation following its 
injection. Hence, with set periods of 15 and 45 minutes allowed for intermixing 
and for collection of samples, respectively, it is to be expected that the con- 
tribution to the apparent rate of C!?-glucose appearance caused by C'*-glucose 
distribution through the body glucose would be constant as assumed. 

Under the above premises, the functional relationship between the change 
in the specific activity of the plasma glucose (y—7’) and the time ¢, following 
an injection of C'*-glucose at time 7, will be: 

[1] (y—7') = (y—-y')re“ "9". 

The number of glucose molecules Nr in the body at time T is then given by 

the direct dilution principle as: 


n{T —(y—vy’)r} 


" _— (y-v7')r 





T, yr, and y7’ represent the specific activities of the m molecules of the tracer 
glucose injected at time 7; of the plasma glucose at time T if the observed 
intermixing with the tracer glucose had occurred immediately upon its injec- 
tion; and of the glucose in the plasma compartment at time T just before the 
tracer injection, respectively. K is the fraction of the plasma glucose diluted 
by C'*-glucose per unit time. 

The rate (R,)7 of appearance of C'*-glucose in the body at time T is given 
by the equation: 


ae} 
3 R.)r = "5 57- ; 
(3] (Ror = gt 
Substituting from equation [1] for (y—7’), equation [3] can be written: 


[4] (Ra)r = KNr. 


The development of general equations [1]—[3] has been described elsewhere (10, 
11). 


Materials and Methods 


Seven fasted female dogs, the characteristics of which are shown in Table I, 
were used. Of these, five were hepatectomized in a one-stage operation and 
two were eviscerated, all under Nembutal anesthesia. Three indwelling poly- 
ethylene cannulae were then placed and tied into three well-separated veins. 
One of these was used only for the injection of C'*-glucose, another was used 


VOL. 39, 1961 


g 
a 
2 
” 
x= 
ion) 
Q 
vA 
a 
~ 
a4 
i 
2 
= 
a 
x 
Y 
ie) 
foo) 
ie 
° 
4 
< 
Z 
mx 
= 
2 
Zz 
< 
Q 
< 
Z 
< 
1S) 


228 


Yt 9+ 
%6' 1+ 
elt 
80'1 
t1°Z 
Ir '0 
6t'T 
90°T 

aq 

ai 


£6 


YS’ ot 
%S'6— 


os ‘I 


H H 
9F Lz 
Hl €°ST . 681 

ato a0 19xog 


Ic" 
18° 
19° 
c8° 
Or’ 


H 
07 
cOl 


ueULIIgGO(] 


Or’ 


H 
02 
¢ OT 
31119) 


*"a)V jo 
"(HV jo 
"wT Jo 


y wos uonerag % 


°M)V 
'("W) 7 
"CMV 
*("y) 
'("Y) 
9("y) 
(y) uorsnyur 


asoony]s JO aye1 painseayy 


Aaa3saing 

ISP} JO SINOP] 
(34) "3M Apog 
paaig 





9 


S 14 ¢ 








anoy/asoon|3 3 se passaidxa aie saqes [[y “sdop (4) peyesa90s1Ad OM] pue 
(H) paztuiozdayeday aay ul ‘y ‘asoon]3-;;> JO UOISNyul snOUdARIZUT JO 93e1 PaINsevaU! dy) UT O19z 07 SaBuULYD YB 
‘uordafur Ja0eI] JO satu} ye “yy ‘Way} Ul sadueyo pue “y ‘aoueivadde asoon]3-,,;> JO $d}e41 pazL[NI[ed-199v4) JO suOsTIRdWO> 


I ATaVL 


‘ON yuaWadxy 





: 
3 
| 


wee 











HETENYI ET AL.: VALID GLUCOSE RATES IN VIVO. I 229 


only for infusion of C'*-glucose while the third was used only for the withdrawal 
of blood samples. Withdrawn volumes of blood were replaced by equivalent 
volumes of aqueous 0.9% (w/v) sodium chloride plus a small additional amount 
of this solution containing heparin. 

The one-stage hepatectomy was carried out using the method of Firor and 
Stinson (12) as modified by Markowitz, Yater, and Burrows (13). Special 
care was taken to keep blood loss to a minimum as it is important for this 
type of experiment not to unbalance the fluid compartments. The mode of 
insertion of the Firor glass cannula into the inferior vena cava was therefore 
modified. Two strong linen threads were passed under the vein and each of 
them was looped through a 3 in. long plastic tube. Each tube, when moved 
downwards, tightened the corresponding ligature around the vessel. 

The incision into the inferior vena cava was done with proximal and distal 
linen threads constricting the vein. During the insertion of the pointed part of 
the glass cannula the proximal thread was loosened, but gently tightened again 
as soon as the tip of the cannula passed the loop of the thread. Similarly the 
distal loop of the thread was loosened for a moment, only to allow the cannula 
to be slipped backwards into the distal part of the inferior vena cava. With 
both loops snug around the venous wall and the cannula, the latter was easily 
adjusted in position without blood loss and tied into place. Another means of 
preventing blood loss was to express the liver manually before the subdiaphrag- 
matic part of the inferior vena cava was tied around the glass cannula with two 
ligatures. This was done in all but the first experiment listed in Table I. Care 
was also taken to ligate, with an anchored thread, each stem of the left dia- 
phragmatic vein which empties into the inferior vena cava close to the hepatic 
veins. 

Evisceration was started by ligating the arteries which supply the viscera. 
The latter were then lifted up and allowed to drain their blood into the portal 
vein which was immediately ligated. After the introduction of the glass cannula 
into the inferior vena cava by the technique described above, the liver was 
manually compressed to recover its contained blood. The subdiaphragmatic 
ligatures were then placed, the vena cava was tied around the glass cannula, 
and the liver and viscera were removed in a routine way. A weighed wet towel 
was placed in the abdomen to fill the empty space. Closure of the abdomen 
was done in two layers. 

The following factors were allowed for in the experimental design for the 
period following surgery: 

(a) the possibility that there might be a residual endogenous source of C'- 
glucose not removed by hepatectomy or evisceration; 

(6) the possibility that uniform intermixing of body glucose with C'*-glucose 
added to the circulating blood might not have been closely approached in the 
15-minute periods allowed; 

(c) variation in the skill with which the experiments were performed. 
Both possibilities, (a2) and (0), would act to cause a progressive decrease in 
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the specific activity of plasma glucose with increasing time, the decreases being 
of the same nature as that caused by the infusion of C'*-glucose. Both possi- 
bilities were allowed for by including succession of three 1-hour periods in 
each experiment. Each of the three periods was started by an injection of 
C'-glucose. During the first and third period C'*-glucose was added to the 
plasma at a fixed rate, but was not infused in the second period. The measured 
rate of C!*-glucose infusion in the first and third periods should then correspond 
to the tracer-calculated rates of glucose appearance in these periods minus 
the tracer-calculated ‘‘rate’’ for period two, regardless of possibilities (a) and (0). 
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Basic experimental design followed in rate—validity tests. An intravenous 
injection of a measured trace amount of C'*-glucose was made at each time shown by an 
arrow. Intravenous C!?-glucose was infused at a constant measured rate, R, for the periods 
shown. Experiment 2, with median performance index, is illustrated. 


The design of the experiments (2-4) is illustrated in Fig. 1. This pattern 
was reversed in the second and third hour of the first experiment. 

In experiments 5—7, the pattern corresponded with that of experiments 2, 3, 
and 4 except that the first hour of C'*-glucose infusion was followed by a 
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25-minute period during which neither C'*-glucose nor C'*-glucose was in- 
jected. The second injection of C'*-glucose was made at the end of this period, 
followed by the third C'*-glucose injection together with the recommencement 
of constant C'*-glucose infusion 45 minutes later. 

C'2.Glucose was infused at a constant measured rate using a standard infusion 
pump (Harvard Apparatus Co., Dover, Mass.) equipped with a 50-ml syringe. 
An aqueous solution of glucose of concentration sufficient to deliver about 110 
mg glucose per hour per kg of initial body weight was prepared for each experi- 
ment. The condition of each dog was checked and noted frequently at recorded 
times through the surgical and experimental periods. At the end of each experi- 
ment the dog was killed with an extra dose of Nembutal, and an autopsy was 
performed immediately. Specific items checked were: 

(i) the location of the cannulae tips, and the state of the blood vessels 
containing them; 

(ii) the presence or absence of blood clots or air emboli in the heart, main 
residual blood vessels, and cannulae; 

(iii) the amount of body fluid which had accumulated in the abdominal 
cavity during the experimental period. 

Two experiments of the series were not completed, upon finding a clot lodged 
in the glass cannula tied into the lower vena cava in one, and because of punc- 
ture of the venous wall by the C!*-glucose infusion cannula in the other. 

A numerical index of performance was set up in order to evaluate the relative 
success of the completed experiments separately from the comparison of changes 
in calculated and measured rates of glucose appearance. This index represents 
the average of four indices, each normalized to unity, and each evaluated on 
one of the following four bases: 

(i) the interval of time from first abdominal incision to start of C'*-glucose 
infusion; , 

(ii) the weighed mass of blood per kg of body weight (minus weight of gauze 
swabs) lost during surgery; 

(iii) an operator’s index of difficulties arising during surgery (1+ to 4+); 

(iv) an experimenter’s index of difficulties arising during the subsequent 
experimental period or seen at autopsy (1+ to 4+). 

The procedures followed in determining the concentrations and specific 
activities of glucose from plasma samples have been described (10). The radio- 
active strengths of samples and standard sources were measured in quadrupli- 
cate by an automatic windowless counter (Tracerlab, Boston, Mass.), preset 
to 4000 counts per sample. 


Results 


All completed experiments were analyzed by computér on the basis of all 
data taken. The calculated values for rates and changes in rates of C'*-glucose 
appearance in the eviscerated dogs, together with the corresponding measured 
changes in rates of C'*-glucose infusion are shown in Table I. 
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The course of the index of performance from experiment to experiment is 
shown in Fig. 2 as a function of the order of the experiments and the time inter- 
vals between them. In terms of this index, the second experiment of Table I 
represents the median level of success. The data collected for this experiment 
are illustrated in Fig. 1. 
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Fic. 2. Index of performance for each experiment with hepatectomized (H) and 
eviscerated (E) dogs. A high index indicates a technically poor experiment, and vice versa. 


The progressive rise of the-specific activity of plasma glucose with time 
following cessation of C'*-glucose infusion after the first C'*-glucose injection 
is shown in Fig. 3 for experiments 5, 6, and 7. The degree to which changes in 
tracer-calculated rates of glucose appearance agree with changes in the constant 
measured rate of C'*-glucose infusion is illustrated in Figs. 4 and 5. 
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Fic. 3. Changes in the specific activity of venous plasma glucose during and following 
the intravenous infusion of C'*-glucose at a constant measured rate into hepatectomized 
(H) and eviscerated (E) dogs. C'*-Glucose was injected intravenously at time zero in each 
case. 
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Fics. 4A and 4B. Frequency distribution of tracer-calculated changes in rate of 
C’*-glucose appearance in the blood plasma compartment about the corresponding mea- 
sured changes in rate of intravenous C!2-glucose infusion into hepatectomized and evis- 
cerated dogs. Fig. 4A: all experiments. Fig. 4B: only those experiments with a median or 
better index of performance. 
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Fics. 5A, 5B,5C,and 5D. Frequency distribution of tracer-calculated about measured 
changes in the rate of C'*-glucose appearance at the first and third injections of C'*-glucose 
into the venous blood, respectively. The distributions are compared in Figs. 5A and 5C 
for all data and in Figs. 5B and 5D for those experiments with median and better indices of 
performance. 
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Discussion 


The basic question to which an answer is sought is: do changes in the mea- 
sured rate of C'*-glucose infusion into an eviscerated or hepatectomized dog 
correspond with calculated changes in the rate of C'*-glucose appearance, 
calculated using the method of successive tracer injections? The degree to 
which this correspondence exists is shown in Table I and in Figs. 4A and 4B. 
While most of the tracer-calculated changes in rate distribute around the 
measured rate of glucose infusion, others are found to be as much as 1.5 times 
as high. 

There is reason to believe that the lack of correspondence with the measured 
value seen in these exceptional cases was caused by poor technical performance. 
When the results of the three experiments with worse than median performance 
are deleted, the correspondence between the measured and calculated rate 
figures is greatly improved, being good in seven out of eight cases (88%), as 
illustrated in Fig. 4B, rather than in two out of five cases (40%) for the three 
submedian experiments. In three other experiments performed by the same 
team (14), both the efficiency of performance and the correspondence between 
measured and calculated rates of glucose appearance were good in each case. 
As might be expected, the efficiency of performance tended to improve with 
experience (Fig. 2). ; 

Did the order of C'*-glucose injections affect the observed correspondence 
between the measured rate of C'*-glucose infusion and the tracer-calculated 
rate differences in these experiments ? A comparison of such correspondence in 
all experiments is illustrated in Figs. 5A and 5C for rates calculated following 
the first and third injections of C'*-glucose. The distribution of calculated rate 
differences about the measured rate of glucose infusion is shown in Figs. 5B 
and 5D for those experiments with median and better indices of performance. 
For both the first and the third tracer injections most of the calculated values 
distributed about the measured value. The elimination of the experiments 
with submedian performance indices both narrowed the distribution range of 
the calculated values, and eliminated all but one of the four widely discrepant 
calculated values at both the first and third tracer injection. As was also demon- 
strated to be the case in an experiment with a hydrodynamic model (10), the 
order of the tracer injections forming the bases for the rate calculations has 
little detectable influence on the degree to which the measured and calculated 
rates correspond. 

The experiments of Shoemaker, Mahler, and Ashmore (15) point toward the 
importance of nonhepatic splanchnic glucose output and uptake in the dog, 
especially in relation to the action of insulin. For this reason we have looked 
for differences in the calculated rates of C'*-glucose appearance in the eviscer- 
ated and hepatectomized dogs of the present series. If there is spontaneous 
C'*-glucose production by the nonhepatic abdominal viscera of these anesthe- 
tized acute surgical dogs, the ratio: 
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calculated total rate of C'*-glucose appearance 





measured rate of C'?-glucose infusion 


would be higher in the hepatectomized than in the eviscerated dog. 

For this calculation, data from all experiments in which the difference of 
the tracer-calculated rates of appearance in the infusion and noninfusion period 
checked within + 20% of the measured rate were used. The average ratio of 
the total calculated rate of appearance and the measured infusion rate was 1.56 
in six calculations for hepatectomized dogs and 1.38 in three calculations for 
eviscerated ones. The difference was not significant at the 5% level, but it is in 
the direction predicted from the experiments of Shoemaker et al. (15). 

In one experiment (No. 5) the small intestines of a hepatectomized dog were 
rinsed through with 500 ml water at autopsy. The rinsing fluid contained less 
than 5 mg of glucose, measured using a glucose oxidase method. This rules out 
the possibility that the intestinal contents might have been the source of a 
significant amount of C!*-glucose in this animal. It is noted that evidence of an 
8-11% depression, during C!*-glucose infusion, in the specific activity of the 
plasma glucose below the average for the whole body follows the same pattern 
and has the same magnitude in the hepatectomized and eviscerated dogs 
(Fig. 3). 

The term rate of appearance, calculated from tracer data by means of equa- 
tion [4], has been frequently referred to for many years under the name 
turnover rate. The rate of appearance of a given substance in a given compart- 
ment is equal to the turnover rate only under the special circumstances where 
the rate of appearance and the rate of disappearance of the substance are equal 
in value, that is, in a dynamic steady state (16). However, the rate value 
calculated by equation [4] is the rate of appearance either in the presence or 
absence of a dynamic steady state. Rates of appearance termed turnover 
rates are misrepresentations if a dynamic steady state does not exist. 

The data of this paper illustrate that a dynamic steady state is not required 
for the tracer calculation of valid rates of appearance in vivo. The rates of 
appearance and disappearance of glucose in the hepatectomized and eviscerated 
dogs at first corresponded in magnitude, and then differed greatly from each 
other in the second and third phases of each experiment. This is exemplified 
by the course of the plasma glucose concentration shown in Fig. 1, where a 
falling level indicates that the rate of glucose appearance is less than its rate of 
disappearance following the second tracer injection, and a rising level that the 
reverse is true following the third tracer injection. Even in the presence of 
these great and reversing departures from the dynamic steady state, changes 
in the rate values calculated using equation [4] corresponded, as they should, 
with the measured changes in rate of glucose appearance.- The same was true 
for calculated and measured absolute rates of glucose appearance following a 
long intermixing time (14). The general derivation of the equation for the 
tracer calculation of the rate of appearance, and the special form in which it 
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appears in equation [3] have been published (11). 
The inclusion in each experiment of a control period during which C'!?-glucose j 

was not infused has provided desired information concerning the correspond- 

ence of calculated and measured changes in rates of glucose appearance. 

Nevertheless the questions which have been circumvented by the design of 

the experiments must be answered before the method under test can be applied 

with assurance in vivo to determine endogenous rates of glucose appearance or 

production. These questions are dealt with in part II of this paper (14). 
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EFFECT OF SINGLE INTOXICATING DOSES OF ETHANOL ON 
THE GASTRIC AND INTESTINAL MUCOSA OF RATS' 


R. J. G. GILLEsPIE AND C. C, Lucas 


Abstract 


Different dilutions (15, 30, 60, and 95% v/v) of ethanol in water were adminis- 
tered to rats by stomach-tube. In well-nourished animals negligible damage to 
the mucosa of the stomach was observed at the lower concentrations. Occasional 
hemorrhages and erosions of the gastric mucosa were seen at concentrations of 
60% or stronger. In grossly malnourished rats, minimal gastric lesions were en- 
countered more frequently and at lower concentrations of alcohol (30%). Ulcera- 
tion was not observed, even when 95% ethanol was given to the deficient rats. 
No lesions were found in the intestinal tract, even in the deficient rats, except for 
an occasional trace of hemorrhage and (or) erosion of the duodenal mucosa. 


Introduction 


It is a widely held belief among medical men and laymen that the consump- 
tion of alcoholic beverages leads to gastritis and eventually to peptic ulceration. 
Over 125 years ago, Beaumont (1) observed, through the gastric fistula of his 
famous patient Alexis St. Martin (July 28, 1833) ... ‘stomach empty—not 
healthy—some erythema and aphthous patches (erosions) on the mucous sur- 
face. St. Martin has been drinking ardent spirits, pretty freely, for eight or 
ten days past...” 

In 1943 Cox (2) expressed the opinion that alcoholism does not cause gastritis. 
In 1950 Ivy, Grossman, and Bachrach (3) concluded that evidence is not 
available to substantiate the clinical impression that alcohol plays a role in 
the pathogenesis or healing of peptic ulcer. Other recent papers state that 
serious damage to the gastric mucosa, directly attributable to ingestion of 
alcohol, is rare, if it ever occurs. 

Experimental studies have confirmed that the irritant effect of ethanol on 
the mucosa of the gastrointestinal tract is often limited, but is variable. Some 
species, e.g. the guinea pig (4, 5, 6), are more susceptible than others. 

In connection with experiments on the effects of dilute ethanol (15% v/v) 
upon the livers of rats, the gastric mucosae of some animals were examined to 
see whether this species resembles the alcohol-sensitive guinea pig or the more 
resistant species (dog, man). Because dietary deficiences reduce the resistance 
of dermal and mucosal tissues to damage, the effects of intoxicating doses of 
alcohol on the gastric mucosa of rats were studied in grossly malnourished 
animals as well as in well-fed ones. The effect of single intoxicating doses of 
ethanol on the stainable liver lipids of these rats is reported elsewhere (7). 

Manuscript received July 19, 1960. 
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Experimental 


Thirty-two normal male rats (330 to 400 g) were given a constant absolute 
amount of ethanol (1.5 g) by stomach-tube at the concentrations indicated in 
Table I. This amount of alcohol produced intoxication, confusion to coma, 
lasting from 5 to 16 hours in different rats. Another group of 32 male rats 
(60 to 80 g) were fed a deficient diet (ground chow* 5%, casein 5%, soya protein 
(Dracket) 2%, sucrose 75%, starch 8%, and corn oil 5%), for several months. 
This ration, which is deficient in proteins, minerals, and vitamins, failed to 
produce any growth. After several months, when deficiency signs were pro- 
nounced, these rats were given doses of dilute alcohol equal to the amounts 
given to the normal animals. More severe intoxication was noted in these 
rats, coma lasting 16 to 24 hours. 

A device recently described (8) was used to facilitate administration of the 
alcohol by stomach-tube. As controls, four normal rats and one deficient rat 
were treated similarly with physiological saline, to see what damage (if any) 
was attributable to the introduction of a bland liquid by means of the stomach- 
tube. 

At sacrifice, the oesophagus was tied off, the fundus was opened, and the 
stomach and duodenum were carefully flushed out from the distal end with 
physiological saline. The openings were tied off and the organs were distended 
with a solution of formol—calcium. They remained in this fixative for 24 hours. 
The stomach was then opened along the greater curvature and specimens for 
sectioning were taken from the areas with the greatest amount of damage 
visible by gross inspection. Two sections of gut (about 1 cm long) were taken 
15 and 30 cm, respectively, from the duodenum. These were spread carefully 
on wax blocks and fixed in formol—calcium overnight, trimmed, and sectioned. 
The sections were stained with hematoxylin-eosin. 


Results 


Observations on individual rats are presented in Table I. The dilute alcohol 
(15% v/v) used in the main study did not damage the gastric mucosa of normal 
or severely deficient rats. The 30% concentration caused no damage to the 
gastric mucosa of normal rats and only occasionally did it produce slight 
damage in the deficient rats. Even the 60% and 95% concentrations of alcohol 
had but scant effect on the mucosa of the normal rats. Little damage was 
observed in the deficient rats although they did display more hemorrhages 
and erosions than the well-fed animals. No ulceration of the gastric mucosa 
was observed even when 95% alcohol was given to the deficient rats. 

No lesions of the intestinal mucosa were seen in the well-nourished rats; 
slight hemorrhages in the duodenum weré observed in 4 of the 28 deficient rats 
studied. Traces of erosion were seen in the same region of three of these four 
deficient rats. No damage was observed in portions of gut taken 15 and 30 cm, 
respectively, from the pylorus. 


*Master Fox Cubes, obtainable from Toronto Elevators Limited. 
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TABLE I 
Gastric lesions observed in rats given alcohol 








Normal rats 


Deficient rats 








Alcohol Duration of Rat Rat 
dosage exposure (hr) No. Hem.*  Eros.* No. Hem. Eros. 
13 ml 0.33 103 _ - 1 a -- 
15% (v/v) 104 - _ 
2 105 — _ 10 a - 
112 - — 11 = —- 
113 — ~ 
114 
24 123 21 
124 _ — 227 - - 
125 _ 
6.5 ml 0.33 106 _ 2 _ _ 
30% (v/v) 107 3 -- 
2 115 12 ~ — 
116 _ _ 13 _ + 
24 126 a — 23 ao + 
127 24t a fp 
3.3 ml 0.33 108 ~ _ 4 + + 
60% (v/v) 109 os a 5 op + 
6 + nae 
2 118 + - 14 + + 
15 _ - 
16 + - 
24 128 + — 25t + + ++ 
129 + - 26 - _ 
27 + + 
2 ml 0.33 110 + _ 7 + 4 
95% (v/v) 111 — =_ 8 a + 
9 + = 
2 119 + - 17 + + 
120 + + 18 a + 
19 + - 
24 130 - + 28 _ - 
131 - = 29T ++ ++ 
Saline 0.33 101 - 
13 ml 102 — - 
24 121 - — 20 —_ _ 
122 — _ 





*Abbreviations: Hem. = hemorrhage Eros. = erosion. 


tDied before the 24-hour period was completed. 


The absence of detectable damage to the gastric and intestinal mucosa of 


many rats, including the deficient ones, made it seem unnecessary to have more 


saline controls. 


The negligible amount of damage to the gastric and intestinal mucosae of 
rats given a single intoxicating dose of alcohol indicates that this species re- 


Discussion 
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sembles rabbits, dogs, and man rather than the more alcohol-sensitive guinea 
pig. Although the experimental literature on the subject is considerable, the 
data pertain to species other than the rat. Friedenwald (9) administered alcohol 
(5-8 ml absolute, diluted in from 15 to 30 ml water, or whisky diluted in water) 
to 120 rabbits for periods of from several months to over 4 years. Some of 
the animals took in as much as 7.5 to 10 liters of absolute alcohol or 18 liters of 
whisky during the trials. Chronic gastric ulcers were found in only two cases 
and scars of healed ulcers in four others. Greggio (10) gave 26 rabbits various 
amounts of 16% alcohol or of Marsala wine (by stomach-tube) for periods up to 
50 days but found no ulceration. Layne and Carey (11) gave 75 ml of 20% 
ethyl alcohol daily (by stomach-tube) to four dogs for periods varying from 
336 to 906 days and found no hemorrhages, erosions, or ulcerations at post- 
mortem examination. Ivy et al. (3) mentioned that Wigodsky in their labora- 
tory gave 12 dogs cheap whisky for periods up to 1 year in amounts corre- 
sponding to a liter daily for a 75-kg man; he found no gastric erosions or ulcers. 
However, Sternberg (4, 5) did observe gastric ulcers in guinea pigs following 
the introduction of 96% alcohol into the stomach. 

In 1956 Williams (6) of Edinburgh reviewed the effects of alcohol in experi- 
mental animals and in patients. He gave 5 ml of graded concentrations of 
ethyl alcohol to adult guinea pigs by stomach-tube. No significant changes 
were observed from 10, 20, or 30% ethanol. At higher concentrations hemor- 
rhages, erosions, and ulcers were seen, the amount of damage increasing with 
the concentration. At concentrations above 20% the damage increased with 
the volume of alcohol introduced. Fasting aggravated the lesions. Similar 
portions (5 ml) of reputable brands of neat Scotch and Irish whisky or gin 
produced hemorrhagic and ulcerative lesions of the stomach of guinea pigs. 
Williams noted that in alcoholic patients, however, a normal histological 
appearance of the mucosa is frequently found. 

Motteram (12) found, in 19 out of 20 chronic alcoholics upon whom gastric 
biopsies were done, that the mucosa of the stomach appeared normal or only 
very slightly abnormal. Palmer (13) made mucosal biopsies on patients and 
experimental subjects (some of the latter drank large amounts of alcohol) and 
concluded that chronic gastritis is not of alcoholic etiology. Joske, Finchk, and 
Wood (14) recorded a high incidence of gastritis in alcoholic patients (50 out of 
95 biopsies) and attributed the lesions to a direct toxic effect of alcohol. This 
conclusion differs from that of Cox (2), Williams (6), Motteram (12), and 
Palmer (13). Other reports might be mentioned showing the divergence of 
opinion on the subject. The relationship of alcoholism to chronic gastritis is 
still uncertain, but in the rat, as in man and other resistant species, the damage 
caused to the mucosa by a single intoxicating dose of alcohol is minimal. 
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EFFECTS OF SINGLE INTOXICATING DOSES OF ETHYL 
ALCOHOL UPON THE HEPATIC LIPIDS OF RATS! 


R. J. G. GILLespPIE AND C. C. Lucas 


Abstract 


Liver damage due to a single intoxicating dose of alcohol was small in well- 
nourished, fed rats. Increases in stainable and extractable hepatic lipids were 
even less in similar rats fasted for 24 hours. The damage was slightly greater 
following the use of a less adequate ration. 


Introduction 


Several papers have described the effects of alcohol upon the livers of 
experimental animals (1-4). Most of the experimental work has been concerned 
with the effects of chronic consumption of alcohol. Mallov and Bloch (5) and 
Eger (6, 7) have studied the effects of single intoxicating doses of ethanol in 
normal rats. 

We wish to report some observations on the appearance of stainable lipids 
in the liver and changes in total hepatic lipids of rats following single intoxi- 
cating doses of alcohol. Advantage was taken of material that became available 
while studying the effects of ethanol upon the gastrointestinal mucosa of rats 


(8). 


Experimental 


Details of the procedures have been reported elsewhere (8). Briefly, the 
treatments were as follows: groups of four to nine large male rats were given 
2 ml redistilled commercial ethanol (95%) or dilutions containing approxi- 
mately the same absolute amount of ethanol, viz. 13 ml 15%, 6.5 ml 30%, or 
3.3 ml 60% v/v, respectively, as shown in Tables I and II. Animals were killed 
at intervals of 0.33, 2, 4, 8, 12, 16, 24, and 48 hours following intubation of 
either of the alcohols, or of equicaloric amounts of glucose in the same volume 
of water, or of the same volume of saline (0.85% NaCl). 

The alcohol was given by stomach-tube (9) to both fasted (24 hours) and 
non-fasted, well-nourished rats. An analogous series of doses was given to 
malnourished rats that had been fed for a period of about 2 months on a ration 
deficient in protein, minerals, and vitamins (8). When smaller rats were given 
this amount of ethanol, several died (group 11); the dosage was therefore 
reduced by about one-third to 4.6 ml 30% and 2.3 inl 60% v/v (groups 14, 
15, 16, Table I). 

Specimens for histological examination, from two lobes of the liver, were 

'Manuscript received July 19, 1960. 
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TABLE I 


Effects of intoxicating doses of alcohol on hepatic lipids 


VOL, 39, 1961 











Treatment 





Observations 











Stainable hepatic lipids Total 
Solution Exposure No. rats lipids 
Group given (hr) (and deaths) Centrilobular Periportal % wet wt. 
(A) Large, well-nourished rats; mean weight 400 g, ethanol dosage 4 g/kg 
1 Ethanol 2 3 oF 0 
13 ml 15% 24 2 0* 0 
(1.5 g) 
2 Ethanol 0.5 2 0 0 
6.5 ml 30% 2 2 0* 0 
(1.5 g) 24 1 0 0 
3 Ethanol 0:5 2 0 0 
3.3 ml 60% 2 2 0 0 
(1.5 g) 24 2 0 0 
4 Ethanol 0.33 Zz = 
2 ml 95% 2 2 0 0 
(1.5 g) 24 2 +3 
5 Saline 
13 ml 0.85% 24 2 0 0 
(B) Medium-sized, well-nourished rats; mean weight 190 g; ethanol dosage 7.5 g/kg 
6 Ethanol 
6.5 ml 30% 4 4 0 0 6.3 
7 ~+Ethanol 
6.5 ml 30% 8 4 0* 0 6.2 
8 Ethanol 
6.5 ml 30% 12 4 0 0 6.5 
9 Ethanol 
6.5 ml 30% 16 4(1) Of ++ 8.8 
10 Ethanol 
6.5 ml 30% 24 3 0 0 6.3 
11 Ethanol 
6.5 ml 30% 48 4 (1) +% Pe 
12 Glucose 2.87 
gin 6.5 ml 4 4 0 0 3.2 
13. Glucose 2.87 
g in 6.5 ml 8 4 0 0 6.0 
14. Glucose 2.87 
gin 6.5 ml 16 4 0 0 6.2 
15 Glucose 2.87 
g in 6.5 ml 24 4 0 0 ae 
16 Saline 6.5 
ml 0.85% 8 4 0 0 a. 
17. — Saline 6.5 
ml 0.85% 16 4 0 0 6.0 
(C) Young, well-nourished rats; mean weight 130 g; ethanol dosage 12 g/kg 
18 Ethanol 
6.5 ml 30% 16 4 (2) + + 8.0 
19 Glucose 2.87 
gin 6.5 ml 16 4 (0) + + 5.6 
20 = Saline 6.5 
ml 0.85% 16 4 (0) +§ 5.8 





*One rat in this group displayed a trace of stainable fat (diffuse, mid-zonal). 
tOne rat in this group displayed + centrilobular stainable fat. 


tStainable fat in mid-zonal region. 


§Some stainable fat was noted in the mid-zonal region of all four of these rats. 
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TABLE II 


Effects of fasting and deficiency on the stainable lipids resulting from 
a single intoxicating dose of alcohol 








Observations 











Treatment 
Stainable hepatic lipids Total 
Solution Exposure No. rats lipids 
Group given (hr) (and deaths) Centrilobular Periportal % wet wt. 





(A) Young rats (130 g) fasted 24 hours; ethanol 8 g/kg 
21* Ethanol 


4.6 ml 30% 16 4 (1) + +t 9.7 
22 Ethanol 
4.6 ml 30% 16 4 (3) 0 0 5.5 
23 Ethanol 
2.3 ml 60% 16 4 (1) + + 6.9 
24 Glucose 2.0 
g in 4.6 ml 16 4 0 0 5.4 
25 = Saline 4.6 
ml 0.85% 16 4 0 0 5.4 
(B) Deficient rats (not fasted, 135 g); ethanol 12 g/kg 
26 ~=6 Ethanol 
13 ml 15% 0.33 1 + = 
2 2 Oto + 0 
24 2 (1) + to ++ = 
27. ~=Ethanol 
6.5 ml 30% 0.33 2 + to ++ 0 
2 Oto + 0 
24 2 +to+ 0 to + 
28 Ethanol 
3.3 ml 60% 0.33 3 0 0 
F 3 0to + 0to + 
24 3 (1) +to+++ Oto+++ 
29 ~=Ethanol 
2.0 ml 95% 0.33 3 0to + 0 to + 
. 2 3 0to ++ 0to++ 
24 2 (1) Oto + 0to + 





*Non-iasted control. 


preserved in formol—calcium. Sections were stained with oil red O and with 
hematoxylin-eosin. In some cases the remainder of the liver was analyzed for 
total lipids by repeated extraction with hot alcohol and rectification of the 
crude lipid residue by re-solution in a mixture of petroleum ether and chloro- 
form (3:1, v/v). Pooled lipids from groups 11 to 18 were analyzed for phos- 
pholipid and cholesterol (10). In one experiment (groups 6 to 17) the liver 
samples were chilled promptly and the sections stained for glycogen (11). 


Results and Discussion 


Both the state of nutrition and the presence of food in the stomach influence 
the effect of alcohol on hepatic lipids (cf. data in Tables I'and II). 

When alcohol was given by stomach-tube to 22 large, well-nourished, non- 
fasted rats (groups 1—4 in Table I) and 6 were killed 20 to 30 minutes later, no 
stainable fat was detected in sections of their hepatic tissue. None of the nine 
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rats killed after about 2 hours showed any stainable fat in the liver; of the seven 
killed 24 hours after the intoxicating dose, five displayed minimal amounts of 
stainable hepatic lipid of indefinite distribution. These findings agree with those 
of Mallov and Bloch (5) that the changes are most obvious after about 15 to 
20 hours. In subsequent studies most of the rats were therefore killed after 
about 16 hours. 

Glycogen disappeared from the liver sections 12 hours after the administra- 
tion of an intoxicating dose of alcohol. At 16 hours glycogen was still absent 
but by 24 hours it had returned essentially to normal. This apparently inverse 
relationship of liver glycogen and stainable hepatic fat is of considerable 
interest and warrants further study. A relationship between the hepatic meta- 
bolism of alcohol and carbohydrate has already been suggested by Clarke and 
Evans (12). 

In the healthy rats it was rare to see any stainable fat following intubation 
of the larger standard amount of ethanol used in this study. Only after the 
highest concentration (95%) had been given was any stainable fat discernible 
in the livers of the large, well-nourished rats (Table I, groups 1 to 4). In the 
deficient animals (Table II) considerable stainable fat was sometimes apparent 
in those killed at 24 hours, although staining was usually absent or minimal 
in the animals killed 20 minutes or 2 hours after the alcohol was given. It is 
our impression from the limited number of observations that the appearance of 
stainable fat in the livers of rats following the ingestion of alcohol is aggravated 
by inadequacy of the diet upon which they have been maintained. 

When the smaller standard dose of ethanol (1.1 g, corresponding to 8 g/kg) 
was given, more stainable fat and more extractable lipids appeared in the liver 
of fed rats than in those of fasted rats (cf. group 21 with 22 and 23). The 
increase occurred mainly, if not exclusively, in the glyceride fraction (Table 
III). An equicaloric amount of glucose given in the same volume of solution 


TABLE III 


Lipid components of livers of intoxicated and control rats 
(All values are expressed as % wet weight of liver) 











Solution Total Free Cholesteryl Phospho- 
Group given lipids cholesterol oleate* lipid Glyceride 

18 Alcohol 

6.5 ml 30% 7.99 0.21 0.10 2.75 4.93 
21. = Alcohol 

4.6 ml 30% 9.74 0.25 0.10 3.21 6.18 
22 ~=— Alcoholt 

4.6 ml 30% 3.32 0.23 0.05 3.00 2.24 
23 Alcoholt 

2.3 ml 60% 6.88 0.28 0.09 3.75 2.76 
20 = Saline 5.75 0.18 0.08 3.26 2.30 
25 Salinet 5.37 0.24 0.08 3.42 1.63 
19 Glucose 5.64 0.20 0.08 3.03 2.33 
24 Glucoset 5.38 0.2: 0.08 3:07 1.92 





*Cholesteryl esters expressed as oleate (bound cholesterol X 1.68). 
+Refers to fasted animals. 
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was innocuous when given to fasted rats (group 24). A larger dose of glucose 
given to fed rats (group 19) resulted in some (minimal) appearance of stainable 
fat. To our surprise, in one experiment an equal volume of saline (group 20) 
caused traces of stainable fat to appear mid-zonally in fed rats although usually 
saline had no such effect (groups 5, 16, 17, and 25). 

The finding of slightly more stainable and extractable lipids in the livers of 
rats given an intoxicating dose of ethanol than in comparable animals given an 
equicaloric amount of glucose indicates that under these conditions alcohol 
exerts a hepatotoxic effect. This minimal liver damage is apparently distinct 
from any due to a choline deficiency induced by extra calories since it appeared 
only when the extra calories were ingested as alcohol. The results of the present 
experiments are not necessarily related in any way to those of our previous 
studies with much lower doses of alcohol (2), and therefore cannot be considered 
to provide support for the view (3) that non-intoxicating amounts of alcohol 
exert a hepatotoxic effect. 
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DIFFERENT RESPONSES TO THE PRODUCTION OF DIETARY 
AND ALCOHOLIC CIRRHOSIS IN ‘*WISTAR”’ RATS 
FROM TWO SOURCES' 


R. J. G. GILLEsPIE AND C. C. Lucas 


Abstract 


Rats said to be of the same strain, but obtained from different suppliers, have 
exhibited considerable difference in choline requirement and especially in their 
tendency to develop dietary cirrhosis when fed a deficient ration. 


Introduction 


Hepatic fibrosis and cirrhosis occur frequently in the populations of many 
underprivileged countries. Cirrhosis also develops with great frequency (about 
six times the normal incidence) in alcoholics. This latter observation provided 
the evidence upon which is based the widely held belief that alcohol exerts a 
hepatotoxic effect. Since only a fraction, estimated at about 8%, of heavy 
drinkers develop cirrhosis, other factors than alcohol intake must be important. 

It is now known that cirrhosis, which is often fatal, can be caused by in- 
fectious processes, by ingestion of noxious chemicals, or by dietary deficiencies. 
In North America, chronic alcoholism continues to be a leading cause of 
cirrhosis. When it was shown in a number of laboratories that prolonged use 
of diets poor in protein and low in lipotropic agents causes cirrhosis in experi- 
mental animals, it was presumed that poor nutrition may be a major cause of 
the disease in man, even in the alcoholic. There is some uncertainty at the 
present whether differences in susceptibility to the effects of alcohol are deter- 
mined mainly by genetic factors or whether dietary factors dominate the situa- 
tion. Much experimental work remains to be done. 

The effects of chronic inadequacy of lipotropic agents and (or) protein were 
being studied in this laboratory several years ago when an outbreak of Sal- 
monella infection in our rodent colony vitiated the work then in progress. It was 
considered advisable to destroy even the breeding animals that would have 
provided a continuing source of the ‘Wistar strain’”’ of rat that had been used in 
our previous experiments for almost twenty years. The inbred strain we had 
been rearing for our lipotropic studies came originally from the Wistar Institute 
via the Connaught Laboratories. 

Before embarking on any extended lipotropic studies with rats from a new 
source, it was considered essential to test the response of these animals to the 
dietary conditions we had used formerly, since it has long been recognized that 

1Manuscript received July 19, 1960. . 
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different strains of rats have different lipotropic requirements (1, 2). 

It was disturbing to find that so-called ‘‘Wistar’’ rats from different commer- 
cial suppliers differed considerably in growth response and ability to withstand 
dietary and surgical stresses. Even when animals with low-grade infections 
were eliminated, differences persisted. 

Of particular concern to us was the observation that rats from one source 
failed completely to develop cirrhosis on a dietary regimen that led to moderate 
or severe liver damage in those from another source. Cirrhosis developed in 
the rats from both sources, however, when they were given the same basal diet 
with dilute alcohol as the only beverage. A brief report of pertinent quantita- 
tive data on the dietary aspects of these studies may interest other workers in 
this field. 


Experimental 


Rats described as being of the Wistar strain were obtained commercially 
from two breeders, identified as CF and WF. The animals, housed in individual 
cages with a false floor of coarse wire-screen, were given food and drinking fluid 
(water or dilute ethanol) ad libitum. Weighed amounts of fresh food were 
provided daily; any left over and scattered was weighed the following morning. 
The consumption of dilute alcohol was measured accurately, over intervals of 
4 or 5 days, using Gillespie drinking fountains (3). The rats were weighed 
weekly at the same hour. 

Male rats, 160 to 240 g (50 CF, 50 WF), were taught to drink from the 
fountains (3); more than 90% of those placed on the training regimen readily 
learned to drink water from this device. About a week later, when they were 
divided into groups (Table I) the weight range was 180 to 265 g. All rats were 
fed purified diets derived from a basal mixture of the following percentage 
composition: casein 3, alcohol-extracted peanut meal 6, acid-washed soya pro- 
tein 6, cystine 0.15, salts (4) 3, sucrose—vitamin powder (4) 1, corn starch 10, 
dextrin 10, beef fat 6, corn oil 5, vitamins A, D, and E in corn oil (4) 1, sucrose 
to 100. This hypolipotropic ration contains 12% of protein (about 186 mg of 
methionine) and 1 gram provides 4.4 Calories. The dilute alcohol, a 15% v/v 
dilution of redistilled commercial 95% ethanol (5), contributes 0.8 Cal/ml. 

In connection with a study of nutritional factors involved in the production 
of alcoholic cirrhosis, some rats of both strains were given dilute alcohol in 
place of drinking water and were followed for periods of from 6 to 11 months. 
It seemed possible that the protective foods (proteins, vitamins, minerals) might 
be less beneficial if ingested at a different time than the alcohol. To test this 
hypothesis, dilute alcohol was made available to other rats during daylight 
hours, and food (without water or dilute alcohol) was provided overnight. 

The nature of the supplements is shown in Table I along with a summary of 
the Calories provided by food and alcohol during the first half of the experiment 
(days 0 to 175). On day 251, approximately half of the 79 survivors were killed; 
the rest were killed after a total of 330 days. 
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The animals were stunned and exsanguinated. The livers were removed 
and weighed; portions were taken from at least two lobes for histological study. 
The remainder of the liver was weighed and total lipids were extracted with 
hot alcohol (see ref. 6). Special stains were used for fat, connective tissue, and 
ceroid. Sections of liver, kidney, pancreas, testes, lungs, and gut were stained 
with haematoxylin-eosin. These sections were examined for us by experienced 
pathologists. 


Results and Discussion 


After 6 months on the regimen most of the rats had reached about their 
maximum weight; growth curves of several rats in groups 1, 2, 4, and 5 showed 
a continued rise, but the majority were flattening off. In groups 0, 3, and 3A, 
the growth curves went down, some very steeply, as liver damage progressed. 
Fortunately only 12 animals out of 91 died: 4 with pneumonia, 2 with tumors, 
the other 6 had cirrhosis. 

All organs other than liver (and sometimes the kidneys) appeared normal in 
the gross and upon histological examination. No evidence of infection was 
detected in the survivors. 

A great difference was noted in the susceptibility of the rats from the two 
sources to the development of cirrhosis (group 0, Table II). None of the livers 
of the CF rats showed abnormal amounts of connective tissue even after 330 
days. In contrast, all WF rats in these negative controls displayed varying 
degrees of reticulinosis (++) and of fibrosis (+) and as early as 251 days had 
developed considerable cirrhosis (++). Sections of these livers exhibited dis- 
ruption of the usual hepatic pattern by interlacing bands of connective tissue 
in the major part of the section, with a few distinct nodules present. In these 
negative controls the livers of the WF rats were consistently very fatty (21 to 
28%), those of the CF rats varied considerably in this respect (9 to 32%). 

The consumption of alcohol by the rats of groups 3 and 3A produced severe 
cirrhosis in both the CF and WF rats. The deleterious effect of alcohol upon 
hepatic cells under these dietary conditions is seen when one compares the 
development of cirrhosis in the rats of groups 0 and 3 (Table II). Cirrhosis 
increased in the WF rats from an average of about ++ on water to ++++ 
on alcohol. In the CF rats the effect of alcohol was even more pronounced: 
no cirrhosis was observed in those drinking water but in those drinking alcohol, 
+-+ to ++++4 cirrhosis with considerable fibrosis and reticulinosis was seen. 
A rather wide range of values for total hepatic lipids was observed in individual 
rats of both groups drinking alcohol: for group 3, CF values varied from 16 to 
33% (average 26), WF, 12 to 31% (average 19); for group 3A, CF 12 to 36% 
(average 22), WF, 15 to 33% (average 24). In both groups of rats consuming 
alcohol (3 and 3A), much more ceroid was noted in the liver sections than in 
those of group 0; none was found in the livers of rats given choline or betaine. 

During the first 2 months, the growth curves of all rats were essentially 
straight lines. When the food intakes during this period were compared, it was 
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found that the CF rats with a food intake of 16.7 g gained 1.96 g/day, i.e. 
required only about 8.5 g/g gain, whereas the WF rats without choline con- 
sumed on the average 15.9 g food per day for a gain of 1.25 g/day, i.e. required 
nearly 13 g of food per gram of gain. When choline was present the CF require- 
ment dropped to 7.4 g of food for each gram of gain and the WF to 8.3 g. The 
large difference between the two ‘strains’ in food requirement when choline 
was absent almost disappeared when choline chloride was present, further 
evidence for the higher lipotropic requirement of the WF rats. 

Adequate choline chloride (group 1) or betaine hydrate (group 2) was, as 
anticipated, completely effective in preventing accumulation of abnormal 
amounts of fat or of connective tissue. Betaine hydrate greatly improved 
efficiency of utilization of the food but not quite to the same degree as did 
choline chloride in equimolecular amount: CF rats then required 8.0 and the 
WF 9.3 g of food per gram of gain. There did not appear to be a significant 
difference in either the protective or the growth effects of betaine and of 
choline in the rats drinking alcohol (groups 4 and 5). 

The WF rats fed the basal diet (group 0) grew moderately well for about 
100 days and then began to lose weight (possibly as a result of the increasing 
hepatic damage, viz. cirrhosis); the CF rats continued to gain weight: on day 
251, the WF rats weighed. 450, 353, 246, 220, and 207 g (av. = 295 g); the 
CF rats weighed 715, 632, 532, 451, and 279 (av. = 522 g). 

The average energy intake of the rats during the period 0 to 175 days was 
70.6+5.3 Calories per day* whether they were drinking water or alcohol. 
These data confirm previous findings that the energy intake of rats eating ad 
libitum remains relatively constant under corresponding environmental condi- 
tions. There was a tendency for the calorie intake of the WF rats to be greater 
than that of the CF rats: 73.3+4.2 Cal/day versus 67.9+5.3. The difference 
between the means (5.4 Calories) is barely significant (P = 0.06). 

Elsewhere (9, 10) we have elaborated the views held in this laboratory that 
the hepatic lesions developing in rats consuming non-intoxicating amounts of 
alcohol, under our dietary conditions (a hypolipotropic regimen), are due to an 
induced choline deficiency. The present experiments provide further support 
for this concept. The average daily food intake of the rats drinking alcohol 
(group 3) was less than that of those drinking water (group 0). In other words, 
a smaller amount of the protective substances (particularly the lipotropic 
agent, methionine) was available to the rats drinking alcohol. The hepatic 
lesions seen in the rats of group 3 were completely prevented by adding ade- 
quate lipotropic supplements, either choline chloride (group 4) or betaine 
hydrate (group 5). No significant difference was observed between the liver 
lesions in the rats having access to both food and alcohol at all times (group 3) 
and those given food and alcohol at different times (group 3A). 


ee eee ee or ea ee 


*The rats of groups 3A and 4A were not included since food and drinking fluid were offered 
at separate times and the conditions were, therefore, considered abnormal. 
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These findings provide further evidence that the source of supply, as well as 
strain, of animals used for nutritional studies may be an important variable. 
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THE ESTIMATION OF LACTATE DEHYDROGENASE ACTIVITY 
OF HUMAN ERYTHROCYTES' 


J. A. BrrKBECK? AND A. G. STEWART 


Abstract 


The influence of pH, temperature, and the concentrations of substrate, 
coenzyme, and enzyme on the estimation of the LDH activity of human ery- 
throcytes have been examined. The activity had a broad optimum pH range of 
7.0 to 7.8 and was markedly influenced by temperature. The optimum concentra- 
tions of pyruvate and DPNH were found to be 1.7 X10~* and 0.8 X10~7 mole/ml 
of incubation mixture respectively. A method for the measurement of LDH 
activity at optimum conditions (except for temperature) is described. The method 
was satisfactory over a 10-fold range of enzyme concentration. Of the anti- 
coagulants commonly used in clinical laboratories for collecting blood, oxalate 
was inhibitory and heparin, fluoride, versene, and citrate had no influence on LDH 
activity. Enzyme stability studies indicated that whole blood at 4° C and dilute 
hemolyzate frozen at —10° C could be kept for 4 weeks without loss of LDH 
activity. Dilute hemolyzate was less stable than whole blood at the same tempera- 
ture. 


Introduction 


Lactate dehydrogenase (LDH) is an enzyme which catalyzes the reversible 
reaction 
pyruvate + reduced coenzyme = lactate + oxidized coenzyme, 


in which the coenzyme functions as a hydrogen donor or acceptor. Its presence 
in biological material was first reported in 1919 by Meyerhof (1). 

Prior to the identification of the coenzyme as diphosphopyridine nucleotide 
(DPN) in 1956 by Warburg and Christian (2, 3) and for some years thereafter, 
the hydrogen acceptor usually employed was methylene blue and the estimation 
of LDH activity was based on the measurement of the rate of reduction of 
methylene blue either visually or photometrically by the Thunberg technique 
(4) or by measurement of oxygen uptake (5). Other artificial electron acceptors 
such as ferricyanide have been used in place of methylene blue; these have been 
reviewed by Quastel (6). 

The measurement of LDH activity based on the change in concentration of 
the natural coenzyme was initiated in 1943 by Kubowitz and Ott (7). They 
made use of the specific absorption of reduced DPN (DPNH) at 340 my and 
since then numerous studies of LDH activity have used this principle. Fluori- 
metric methods for the estimation of the pyridine nucleotides have also been 
reported (8) and these have been adapted for the estimation of DPN-linked 
dehydrogenases including LDH (9, 10). 


‘Manuscript received July 25, 1960. 
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The colorimetric estimation of pyruvate has also been used as the basis of 
LDH assay. For this purpose Cabaud and Wrdéblewski (11) converted the 
remaining pyruvate to its dinitrophenylhydrazone, which forms a red, water- 
soluble salt when treated with NaOH. Likewise Robins et al. (12) measured 
the pyruvate produced by forming its 3-quinolhydrazone, which has an intense 
absorption at 305 my. 

Since the upsurge of interest in serum enzyme activities stimulated by 
Wrdéblewski and La Due (13) in 1955 numerous clinical papers dealing with 
serum LDH activity have appeared. The method used in most instances has 
been based on the measurement of the decrease in absorption at 340 my due 
to decrease in concentration of DPNH when the reaction has been allowed to 
proceed from pyruvate to lactate. Such a method seemed appropriate for our 
proposed clinical study of the LDH activity of the erythrocytes of human 
infants. A search of the literature revealed several methods based on this 
principle (7, 13, 14, 15, 16, 17). Each of these differed in details of technique 
particularly in the amounts of pyruvate and DPNH used. The possible in- 
fluence of these differences in detail was difficult to assess since, surprisingly, 
they were described in only one paper (14). It was necessary, therefore, to 
evaluate the method. The results of this evaluation are reported in this paper. 
Briefly they indicate that relatively small differences in detail can make a 
considerable difference in the estimation of LDH activity and that most of the 
published methods based on measurement of decreasing DPNH concentration 
use less than optimum conditions. 


Materials and Method 
Reagents 

1. Hemolyzate: 0.10 to 0.15 ml of heparinized whole blood was centrifuged 
at 3000 r.p.m. for 10 minutes in capillary tubes approximately 3 mm O.D. X 
150 mm long. The tubes were cut above and below the buffy layer, which was 
discarded. (The plasma was set aside.) The erythrocytes were then washed 
three times with 0.154 M@ KCl adjusted to pH 7.4 with 0.154 M KHCO;. After 
the last wash the cells were recentrifuged in capillary tubes to remove as much 
KCI as possible. A 0.010-ml quantity of the packed cells was then added to 
0.59 ml of twice-distilled water and allowed to hemolyze. The “ghosts’’ were 
not removed from this hemolyzate. 

2. 0.1 M phosphate buffer: 100 ml of 0.1 M KH2PO, was added to 500 ml of 
0.1 M Na2zHPO, and the pH adjusted to 7.4 by addition of one or other of the 
two constituents as indicated by measurement with a pH meter. 

3. 0.80 mM DPNH: 5 mg of DPNH.4H;0 (Sigma) was dissolved in 8.5 ml 
of 0.1 M phosphate buffer (pH 7.4). This was prepared on the day of use. 

4. 0.05 M pyruvate: 0.22 g of pyrtfvic acid was diluted to 50 ml with 0.1 M 
phosphate buffer. 


Procedure 
The standard procedure finally adopted is described below. With the excep. 
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tion of temperature the conditions are those which were found to give optimum 
activity. The reaction mixture was as follows: 


0.1 M phosphate buffer (pH 7.4) 2.60 ml, 


hemolyzate (1:60) 0.010 ml, 
0.80 mM DPNH 0.30 ml, 
0.05 M pyruvate 0.10 ml. 


The first three reagents were mixed in order in a Klett micro tube. The tube 
was placed in the cell compartment of a Beckman Model B spectrophotometer 
for about five minutes before the reaction was started in order to attain 
temperature equilibrium with the compartment. (This prewarming of a test 
may be done during the measurement of the preceding test.) The spectro- 
photometer was set at an optical density of zero with a blank consisting of the 
same reaction mixture as above except that the 0.3 ml DPNH was replaced by 
0.3 ml of phosphate buffer. The pyruvate was added at zero time to initiate the 
reaction. Optical density (O.D.) at 340 mp was read at 60-second intervals 
starting from the addition of the pyruvate and continued for 4 minutes. The 
temperature of the reaction mixture was recorded by means of a telethermo- 
meter at the end of the test. The cell compartment of the spectrophotometer 
was found to maintain a uniform temperature of 3°—4° C above room tempera- 
ture after a warm-up period of 30 minutes. 


Calculation 

One unit* of LDH activity was defined as that initial activity which resulted 
in the oxidation of 1 zmole of DPNH (equivalent to the reduction of 1 umole of 
pyruvate) per minute at 30° C under the conditions of the test. The O.D. per 
minute was converted to “moles of DPNH by reference to a standard graph 
for DPNH. Experimentally determined temperature correction factors were 
used to convert the activities to the standard 30° C. 

The results have been expressed as units of LDH activity per gram of 
hemoglobin (Hb). The hemoglobin estimations were performed by mixing 
0.1 ml of hemolyzate with 2.5 ml of Drabkin’s solution in a Klett micro tube 
and reading on a Klett photometer with filter 54. The hemoglobin estimations 
were standardized against standards obtained from the Department of National 
Health and Welfare, Ottawa. 

A formula for the calculation is 


{((AO.D./4 minute)/4] X temperature factor (T.F.) XK 0.486 K 100 X 100 
g Hb/100 ml hemolyzate 





3It may be noted that the unit used in this report has been designed to conform with the 
recommendation of the Enzyme Section of the National Research Council (U.S.A.) Committee 
on Biological Chemistry. It differs from most previous reports in that.it is defined in terms of 
umoles of DPNH oxidized rather than decrease in O.D. The activity has also been referred to 
1 g of Hb since accurate measurement by volume of erythrocytes is difficult. Reference to 
numbers of erythrocytes may be more suitable when automatic red cell counters become 
generally available. 
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(AO.D./minute X 1000) X T.F. x 4.86 
g Hb/100 ml hemolyzate 





= pmoles/minute/g Hb, 


units*/g Hb. 


The factor 0.486 is derived from the relationship O.D. of 1.0 = 0.486 umole 
DPNH/3.01 ml incubation mixture and the two 100 factors convert the 0.01 ml 
of hemolyzate used in the incubation mixture to 100 ml. 


Results 
The Influence of pH, Temperature, Concentrations of Pyruvate, DPNH, and 
Enzyme on LDH Activity 
The influence of pH, temperature, and the concentrations of pyruvate, 
DPNH, and enzyme have been studied by varying each of these factors in turn 
in the standard procedure while keeping the other factors constant. The 
results are shown in Tables I-V. 
TABLE I 
Influence of pH on the LDH activity of erythrocytes 








LDH activity 





pH* (units/g Hb) 
6.10 125 
6.42 137 
6.58 146 
6.80 152 
7.00 160 
7.20 162 
7.40 167 
7.58 157 
7.74 159 
7.92 140 
9.20 83 





*This is the pH of the final incubation mixture obtained by 
using 0.1 M phosphate buffers of different pH in the standard 











procedure. 
TABLE II 
Influence of temperature on LDH activity 
Temperature LDH activity Calculated 
x) (units/g Hb) correction factor 
25 117 1.31 
26 130 1.36 
28 153 1.16 
30 177 1.00 
32 201 0.88 
33 213 0.83 





It is apparent from Table I that LDH activity is optimum over a broad range 
of pH from 7.0 to 7.8. A pH of 7.4 was adopted for the standard procedure. 


‘It may be pointed out for comparative purposes that, since the T.F. was usually close to 1.0 
and the hemolyzate Hb concentration close to 0.5 g/100 ml, multiplication of the units reported 
herein by 10~* approximates the AO.D./minute/0.01 ml of hemolyzate or multiplication by 2 
approximates the AO.D./minute/g Hb. 
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The influence of temperature is shown in Table II. Temperature correction 
factors were calculated from the experimental data. No attempt was made to 
determine the optimum temperature; 30° C was chosen as the standard temper- 
ature since the cell compartment of the spectrophotometer was usually close 
to this temperature. 

TABLE III 
Influence of pyruvate concentration on LDH activity 








Pyruvate concentration 








(umoles/3.01 ml of LDH activity 
incubation mixture) (units/g Hb) 

25.0 94 

12.5 134 

io 163 

5.0 164 

166 

ie, 103 

0.5 54 

TABLE IV 


Influence of DPNH concentration on LDH activity 








DPNH concentration 








(umoles/3.01 ml of LDH activity 
incubation mixture) (units/g Hb) 
0.72 90 
0.48 166 
0.24 186 
0.12 163 
0.048 123 
TABLE V 


Influence of enzyme concentration on LDH activity 











Amount of hemolyzate LDH activity 
(ml) (units/g Hb) 
0.010 154 
0.025 149 
0.050 152 
0.100 149 





Tables III and IV show the effects of altering the concentrations of pyruvate 
and DPNH concentration. An optimum concentration for both pyruvate and 
DPNH is apparent. Maximum activity was obtained when the ratio of the 
molar concentrations of pyruvate to DPNH was in the range 10:1 to 40:1. 
This ratio in our standard procedure is 21:1. 

The influence of enzyme concentration is shown in Table V. It is seen that 
the LDH activity is linear over a 10-fold range of enzyme concentration. The 
maximum amount of enzyme used in this experiment resulted in a reduction 
of 25% of the substrate. Much further increase of enzyme concentration 
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resulted in a gradually decreasing AO.D./minute as each minute progressed 
so that the initial rate became difficult to estimate. 


Influence of Anticoagulants 

Since it was planned to use blood samples obtained from the hospital routine 
chemistry laboratory for erythrocyte LDH assay it seemed desirable to deter- 
mine the influence of several anticoagulants commonly used in collecting blood. 
Accordingly about 30 ml of blood from a normal human male donor was ob- 
tained in a dry syringe and about 5 ml distributed as quickly as possible into 
each of several different types of blood-collecting used in the hospital. These 
tubes contained an amount of anticoagulant sufficient to prevent the clotting 
of 10 ml of blood. After the samples and anticoagulant were mixed and allowed 
to stand for half an hour, hemolyzates were prepared from the erythrocytes 
and their LDH activities measured according to the standard procedure. A 
reference sample, without added anticoagulant, was obtained from the same 
blood by diluting a small amount (about 0.5 ml) of the blood with about 10 ml 
of 0.154 M KCI (pH 7.4) immediately upon withdrawal of the needle from the 
vein. The erythrocytes were separated at once by centrifugation and the 
hemolyzate preparation and LDH activity measurement carried out according 
to the standard procedure. The results of this experiment are shown in Table 
VI. 


TABLE VI 


Influence of anticoagulants on the LDH activity 
of erythrocytes 











LDH activity 

Anticoagulant (units/g Hb) 
Heparin 133 136 
Fluoride 139 132 
Versene 131 135 
Citrate 140 135 
Oxalate 68 67 
None* 136 135 





*Erythrocytes obtained by = gre dilution centrifugation 
and washing with 0.154 M KCl, pH 7.4. 


It will be seen from Table VI that heparin, fluoride, versene, and citrate had 
no influence on the LDH activity of the erythrocytes obtained as described 
above. Oxalate was definitely inhibitory. 


Stability of the Enzyme 

A study of the stability of the LDH activity of erythrocytes to storage at 
room temperature (usually 25-27° C), 4° C, and frozen at —10° C is shown in 
Table VII. In this experiment 0.2-mlaliquots of a sample of cord blood from 
a newborn infant collected with citrate as the anticoagulant was distributed 
into a number of small tubes and divided into two sets. One set was left stop- 
pered on the laboratory bench at room temperature and the other stored in 
the refrigerator at 4° C. Each day for the first 5 days and periodically there- 
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after the LDH activity of the erythrocytes from one tube of each set was 
estimated. Similarly a 1:60 hemolyzate prepared from this same sample of 
blood was distributed into three sets of small tubes, stored at room temperature 
or at 4° C or frozen at —10° C and analyzed periodically for LDH activity. 
It will be seen from Table VII that whole blood kept better than the dilute 
hemolyzate. The whole blood did not lose activity when left at room tempera- 
ture for at least a week whereas the hemolyzate had a lower activity by the 


TABLE VII 


Stability of LDH activity of erythrocytes stored as whole blood 
or hemolyzate at room temperature, 4° C, or —10° C 








LDH activity (units/g Hb) 











Whole blood Hemolyzate 
Days of Room Room 
storage temp. ec temp. eC Frozen 
0 169 169 169 169 169 
1 167 165 170 169 169 
2 171 162 145 162 162 
3 160 163 135 167 168 
4 165 160 122 165 170 
7 167 165 119 160 166 
8 159 171 161 164 
9 155 162 164 160 
10 156 159 165 163 
14 142 165 152 167 
18 134 165 135 159 
21 126 160 136 169 
28 109 164 133 162 
45 99 146 116 138 
60 81 126 96 115 





second day. Likewise at 4° C the whole blood had full activity after 4 weeks 
whereas the hemolyzate had lower activity by the 10th day. The frozen 
hemolyzate, however, was still fully active after 4 weeks. 


Error of the Method 

The LDH activity of a sample of washed adult human female erythrocytes 
was estimated 20 times within 3 hours by one technician experienced with the 
method. The range of values in units/g of hemoglobin was 123-140 with a mean 
of 131 and a standard deviation of 4.7. 


Normal Human Erythrocyte LDH Activity 

Although it is well known that erythrocytes have high LDH activity we 
were unable to find in the literature a definite statement of the normal value 
for human adult erythrocytes. The means + S.E. of 16 males and 16 females 
between the ages of 20 and 40 years were 137+3.4 and 133+5.3 respectively. 


Discussion 


It is apparent from the above results that the estimation of LDH activity 
is markedly influenced by changes in the concentrations of pyruvate and 
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DPNH. Inhibition by excess pyruvate has been noted previously (18, 19), and 
its mechanism studied in detail by Ottolenghi and Denstedt (20). Previously 
published methods specify a pyruvate concentration ranging from 2.1410-7 
to 1.8X10-* mole/ml of incubation mixture compared with 1.7 X10~-* mole/ml 
found in this study to yield optimum activity. 

Inhibition by excess DPNH concentration has also been noted previously. 
It undoubtedly explains the finding of Hagerman and Wellington (21), who, 
using the method of Wacker et al. (22), reduced the amount of DPNH ‘“‘in the 
interests of economy” and observed that their normal values were 80% higher 
than the original authors. Previously published methods specify a DPNH 
concentration ranging from 0.8 10-7 to 2.1 10-5 mole/ml of incubation mix- 
ture compared to 0.8X10-7 mole/ml found in this study to yield optimum 
activity. 

The influence of the type of buffer on LDH activity was not examined in 
this study. Hess (23) has shown in studies with plasma that phosphate, 
glycylglycine, and triethanolamine buffers all give the same results, so it would 
seem that the nature of the buffer has little influence on LDH activity. 

The nature of the anticoagulant used in collecting blood may effect LDH 
activity; oxalate is inhibitory and should be avoided. Contrary to our findings, 
Hess (23) found that versene inhibited the enzyme. No explanation from this 
difference was sought. 

The stability of LDH to storage at different temperatures is of interest from 
the standpoint of ease of handling samples (e.g. week-end samples) and from 
the standpoint of quality control of the assay. Our results indicate that immedi- 
ate analysis of LDH activity is unnecessary and whole blood may be kept 
conveniently in the refrigerator. Heparin may not be suitable as an anti- 
coagulant for this purpose since heparinized whole blood coagulates after 
about 18-24 hours in the refrigerator. If heparin is used as an anticoagulant 
and the collected blood is to be stored before analysis a suitable procedure is to 
prepare a hemolyzate immediately after collection of the blood and store the 
hemolyzate in the frozen state. Such a hemolyzate is also suitable as a quality 
control solution for about one month. We did not examine blood plasma from 
this point of view but Lazaroni et al. (24) found no loss of LDH activity of 
plasma when kept frozen for 30 days. 

It will be noted that hemolyzates of washed erythrocytes have been used 
throughout this study. The same optimum conditions of assay have been found 
to obtain for plasma also. 

Direct comparison of our results with those reported in other papers is 
difficult since a unit of LDH activity is defined differently, but recalculation 
of the data of Marks et al. (25) using a value of 6.2 X 10° for the molar extinction 
coefficient of DPNH indicates that the method reported in this paper gives 
values for the LDH activity of human erythrocytes about twice those reported 
by Marks. 
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THE VALIDITY OF RATES OF GLUCOSE APPEARANCE 
IN THE DOG CALCULATED BY THE METHOD 
OF SUCCESSIVE TRACER INJECTIONS 


II. THE INFLUENCE OF INTERMIXING TIME 
FOLLOWING TRACER INJECTION! 


G. A. WRENSHALL, G. HETENYI, JR., AND C. H. BEsT 


Abstract 


Close agreement has been found between calculated rates of C!*-glucose appear- 
ance in, and measured rates of infusion of C!*-glucose into, the blood plasma of 
acute surgically eviscerated dogs. The calculated rates were obtained using 
stated assumptions after allowing intermixing times of 60-120 minutes following 
single injections of C'4-glucose into the blood stream. Under the above circum- 
stances, the residual body tissues, including the kidneys, appear to add very little 
C'2-glucose to that already there when the blood sugar level is maintained at or 
above normal fasting values. The acute surgical procedures and the removal of 
adbominal organs result in large decreases in calculated rates of transfer of glucose 
from the inaccessible to the accessible masses of body glucose. Specific criticisms 
by others against the validity of tracer-calculated rates of C!*-glucose appearance 
in dogs, based on the slow intermixing of injected tracer-glucose with approxi- 
mately half of the body glucose, are not supported by the findings of this paper. 


Introduction 


In Part I of this study (1) it was found that changes in the rate of appearance 
of C'*-glucose calculated by the method of successive tracer injections corre- 
sponded to within +6% with changes in the measured rate of C'*-glucose 
infusion in both eviscerated and hepatectomized dogs. It was also noted that, 
when no glucose was being infused, the tracer-calculated rate of glucose appear- 
ance was always greater than zero. 

This latter finding was based on a characteristic progressive decrease with 
time in the specific activity of plasma glucose following intravenous C'-glucose 
injection without C!?-glucose infusion. Such a decrease could have resulted 
from incompleted intermixing of injected C'*-glucose with body glucose, from a 
residual endogenous production of glucose in the hepatectomized and evis- 
cerated dogs, or from both. The experiments and calculations now to be re- 
ported demonstrate that, while the 15-minute period allowed for intermixing in 
the above-mentioned experiments may have been long enough for uniform 
intermixing to be reached in dogs with unimpaired circulation, 60 to 90 minutes 
were required for this purpose in the acute surgically eviscerated dog. Follow- 
ing such a lengthened intermixing time the measured absolute rates of glucose 
infusion corresponded quantitatively with rates of glucose appearance calcu- 
lated by the method of successive tracer injections (2). 

Specific criticisms have been made by Steele (3, 4, 5) against the basic design 

‘Manuscript received July 20, 1960. 


Contribution from The Banting and Best Department of Medical Research and the Depart- 
ment of Physiology, University of Toronto, Toronto, Ontario. 


Can. J. Biochem. Physiol. Vol. 39 (1961) 
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of this tracer method. Tests of the validity of these criticisms are presented 
and discussed. Data collected and published by Steele et al. (6) for another 
purpose are analyzed to demonstrate again the quantitative validity of rates of 
glucose appearance in the eviscerated dog when calculated by the method of 
successive tracer injections. 


Theoretical Discussion 


The method of successive tracer injections was designed to permit determina- 
tion of the amount and rates of appearance and of disappearance of plasma 
constituents, including metabolites. The method provides these values when 
access is limited to the blood, so that it has potential value in clinical studies. 

Although it was described only in terms of a succession of direct dilutions of 
injected tracer substance, imverse tracer dilutions* can also be included. 
Validity tests of the direct and inverse successive tracer injection procedure 
have been reported in abstract form (7). The mathematical basis for this 
variant of the method of successive tracer injections is developed below. 

When a number of units, ”, of an isotopically labelled substance are added 
at time t=0 to, and become uniformly intermixed with, Np unlabelled units of 
the same substance, this quantity is given by the direct dilution equation: 


_ “0 =), 
Yo 


(1] — 


T and yo represent the specific activities of the label in the added substance and 
in the mixture of the labelled and unlabelled substance at time of tracer injec- 
tion, respectively. If the substance is undergoing turnover, the value of yo 
is determined by extrapolation back to time t=0 from y values measured at a 
series of times after intermixing of the tracer and its unlabelled counterpart has 
occurred. 

The rate of appearance (R,)o of the substance in its intermixing mass at time 
of first tracer injection can be calculated by the following equation: 





R,)o = —t|" 
[2] (Ra)o “. ( au) 
Substituting for No from equation [1], equation [2] can be written 
—a(T — (2) 
R.). =) 
3] Rp - —s) 


If, as in most tracer experiments using radioisotopes, yo is very much smaller 


, ‘ 1 dy\. 
than T, then (R,)o is proportional to (< *) 
y? dt/o 
*Inverse tracer dilution occurs when an amount of an unlabelled substance is added to the 
same substance in a system labelled by a previous injection of tracer. 
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Suppose that at time ¢=T, sufficiently long after a tracer injection to allow 
both for adequate intermixing and the measurement of y as a function of the 
time, »” units of the unlabelled substance are added to, and are allowed to 
intermix with, the labelled body substance. The amount N7 of the substance 
in the body just before the injection at time 7, is then given by the following 
equation for inverse dilution: 

” ” 

(4) Ny = 7, 
Titer 

where yr” represents the value that the specific activity of the added plus the 
original intermixing amount of the substance would have had if there had been 
instantaneous intermixing after addition of m”. A value for yr” can be obtained 
by the extrapolation back to time T of values for y” measured during an interval 
when intermixing of added plus original substance has become uniform. 

A value for the rate of appearance (R,)7 of the substance in the intermixing 
mass at time T can then be calculated from the equation: 


: seein) i 
R, in mma ‘indie 
[5] (Ra)r = 7” it) + 


Substituting for Nz from equation [4], equation [5] can be written 


—n" yr ~) ; 
Rr = ——F 
{6} (Re)r nt al dt Jr 


The derivation of rate equations [2] and [5] is described elsewhere (8). 

The general procedure which was followed in establishing a functional 
relationship between the specific activity, y, and the time, ¢, was to assume 
that it is representable as the sum of the two exponential terms as shown below: 


[7] x = (ye *"+ (ye)oe *. 


In equation [7], (ys)o and (ys)o represent the specific activities extrapolated back 
to time ¢=0 of tracer injection, of the fast and slow components of 7, respec- 
tively. Ky; and K, represent the fractional dilution rate constants for the fast 
and slow terms, respectively. This equation is in accord with the general 
procedure which we adopted earlier (2) of considering the intermixing mass of 
a body constituent such as glucose to be divisible into two portions. The first 
portion of the body constituent is that which becomes intermixed rapidly with 
a labelled trace amount of the same substance injected into the blood plasma. 
The second portion is the remainder of the same body constituent which eventu- 
ally intermixes with the tracer substance. 


Materials and Methods 


Numerical values for (ys)o, (ys)o, Kt, and K, of eq. [7] were determined by an 


*It is demonstrated in Figs. 3-5 that calculated values for rates of appearance are insensitive 
to this particular step in function fitting. 
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IBM-650 computer using the method of least squares applied to logarithmic 
values of y. Thus the equations of best fit were determined automatically for 
each experiment once it had been decided by inspection of the data what 
intermixing time should be assigned to the slow component.* Values for the 
standard deviations of (ys)o and K, were also determined by the computer, 
using standard procedures (9). 

The surgical evisceration of the dogs and the procedures followed in the 
administration and analysis of labelled and unlabelled glucose have been 
described (1). In the present series of experiments with such animals, each 
anesthetized dog was warmed by four hot-water bottles (35—40° C) to prevent 
a fall in body temperature during the experiment. The tip of the intravenous 
C'*-glucose infusion cannula was inserted close to or into the right auricle via 
the left external jugular vein. C'*-Glucose was injected and washed into the 
circulation through a polyethylene cannula placed in an antibrachial vein. 
Samples of blood were withdrawn through a polyethylene cannula with tip 
located in one of the iliac veins near the juncture with the inferior vena cava. 
Following cessation of C'*-glucose infusion, the specific activity of the plasma 
glucose was determined at a series of times in the two surviving dogs (Fig. 1). 
Since valid successive determinations of sudden changes in rates of appearance 
of glucose were obtained previously (1), only one cycle of the tracer procedure 
was used in each of the present experiments. 
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Fic. 1. Variations in the concentration and specific activity of the plasma glucose in 
eviscerated dogs 2, 3, and 4 (left to right) with the time after an intravenous injection of 
C'4-glucose. The periods during which intrévenous C!?-glucose was infused are shown at 
the top. 


As the three experiments described above were made in acute surgically 
eviscerated dogs, it seemed advisable to include data for one dog in which the 
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acute effects of major surgery were absent. Both ureters of a female dog, 
depancreatized 1 week earlier, were cannulated with polyethylene tubes while 
the animal was under Nembutal anesthesia. Twenty-four minutes before ad- 
ministration of a single injection of C'*-glucose, 165 cc of 0.6% (w/v) sodium 
chloride in water was injected intravenously to induce diuresis. The specific 
activity and concentration of the plasma glucose was determined at a series of 
times, and also of glucose in the urine which was collected over a series of 
measured time intervals. 


Results 


Changes in the specific activity with time after the intravenous injection of 
C'+-glucose into the depancreatized dog are illustrated in Fig. 2 for both plasma 
and urinary glucose. The computer-calculated equation of best fit relating 
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SPECIFIC ACTIVITY OF PLASMA- AND URINE-GLUCOSE CARBON 


Fic." 2. Variations in the specific activity of the plasma and urinary glucose with the 
time after an intravenous injection of C'-glucose in a depancreatized dog (No. 1). 


the specific activity of the plasma glucose y to the time, ¢, measured in minutes, 
is 


[8] ¥ = 1.039e—9-129 4 3.91 ¢—0-00805¢, 


Values calculated from the above equation are listed in Table I under dog No. 1. 
The design of the three experiments with eviscerated dogs is shown in Fig. 1. 
Other basic measurements required for calculation of amounts and rates are 
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listed in Table I. The computer-fitted equations relating the specific activity 
of plasma glucose y to the time ¢ after the injection of C'*-glucose are given 
below for dogs 2, 3, and 4 of Table I, respectively. 


[9] Experiment 2: y = 13.34¢- 6-94.16. 75¢-0-000e, 
[10] Experiment 3: ¥ = 39.19¢—0-0496¢ 4 19. 94¢e—0.007718, 
[11] Experiment 4: Y = 25.64¢—9-9367t 4 16, 63¢e—0-00571¢, 


In each case ¢ is measured in minutes. 

The tracer-calculated data of Table I for amount and rate of appearance of 
glucose were determined by entering the values for yo and (dy/dt)) from equa- 
tions 9, 10, and 11 into equations 1 and 2, respectively. Since each of the 
computer-fitted equations contained two exponential terms, glucose amounts 
and rates of appearance were calculated using (a) the entire summed function; 
(6) only the slowly decreasing term at the left of each of equations 9, 10, and 11. 

Comparisons of measured rates of C'*-glucose inflow with calculated rates 
of appearance of C'*-glucose in the miscible body glucose are shown in Table I 
for all of the above-mentioned dogs. The predicted standard deviations for 
calculated values for the amount and rate of appearance of C!*-glucose in the 
miscible body glucose are also shown in Table I, together with the measured 
standard deviations of the component terms. 

The effects of allowing intermixing times of different lengths to elapse before 
calculating the intermixing amount of body glucose, the rate of appearance of 
C!*-glucose in it, and the computed standard deviations of each are shown in 
Figs. 3-5. For reasons which will be explained under Discussion, all calcula- 
tions were based on single exponential functions, fitted to all of the y values 
for dogs Nos. 2—4 that were collected at times later than the selected intermixing 
times. 

An analysis by means of equations 1—6 of experimental data published by 
Steele, Bishop, and Levine (6) is shown below. In order to make this analysis, 
Fig. 1 from these authors’ paper was photographed and enlarged to match the 
scale of standard semilogarithmic paper. Equations for the straight lines, as 
placed by Steele et al., were then determined to be as follows: 


[12] Y= 66.4e—9-569¢ 
[13] ry” = 10.4¢-(0-244) (t-2.33) 


where ¢ is expressed in hours. 

Given that [= 14,367 uc/g of glucose carbon, of which glucose amounting 
to n=8.7 mg was injected into the plasma compartment of their eviscerated 
dog at time ¢=0, it follows from equations [1] and [12] that Ny>=1875 mg of 
glucose.* The corresponding rate of glucose appearance at this time is given 


*In exact analyses, amounts of glucose appearing in equations 1-6 should be expressed as 
molar fractions. However, the deviation from direct proportionality between mass and molar 
fractions caused by inclusion of C'‘-glucose is far too small to affect any of the calculations 
presented in this paper. 
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INTERMIXING TIME IN MINUTES 


Fics. 3, 4, 5 (top to bottom). The effects of increasing the allowed intermixing time 
after C14-glucose injection on the calculated amounts and rates of appearance of C!*-glucose 
in eviscerated dogs 2, 3, and 4, respectively. The constant measured rate of intravenous 
C'2-glucose infusion is shown as a broken line in each case. 


by equation [2] as (R.)o=1066 mg of glucose per hour, or 109 mg/hour/kg of 
initial body weight. This differs from the directly measured rate of C1*-glucose 
infusion (120 mg/hour/kg of initial body weight) by —9.2%. 

The amount of body glucose with which the ”=1960 mg of C!?-glucose 
(added at 7=2.33 hours) eventually intermixed is given by equations [4], 
[12], and [13] as N7=2755 mg of glucose. The corresponding rate of appearance 
of C!*-glucose, calculated by equation [5], is 1150 mg/hour or 117.4 mg/hour/kg 
of initial body weight. This tracer-calculated value differs from the measured 
rate of C'*-glucose infusion by —2:2%. 


Discussion 


The observed differences between the tracer-calculated rates of C'*-glucose 
appearance and the measured rates of C'*-glucose infusion in the acute surgic- 
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ally eviscerated dog are sufficiently small that they can be accounted for in 
terms of the standard deviation of the former as predicted from the standard 
deviations of measurements used in its calculation (Table I).* In these experi- 
ments the calculated rates are slightly (av. 5.6%) higher than the measured 
rates. Most of this lack of correspondence is caused by the inclusion of data 
from dog 3, which died before completion of the planned experiment. In two ad- 
ditional calculations made with data published by Steele, Bishop, and Levine (6), 
the average calculated rate was slightly (av. 5.7%) below the measured rate. 

Nims (11) has concluded on the basis of mathematical analysis that a labelled 
substance ‘‘traces’’ the flow of the unlabelled substance through a membrane 
when and only when the molar ratio of the labelled to the unlabelled substance 
is constant throughout the system being studied. If reversible transfer of 
glucose across membranes such as the capillary walls occurs in the dog, this 
would indicate that isotopically labelled glucose can be used as a tracer in the 
dog only in the equilibrium phase during its continuous infusion (3, 12, 13). 
The demonstration in this paper, that valid tracer-determined values for the 
rate of appearance of glucose can be obtained in the eviscerated dog using 
single injections of tracer either does not support Nims’ conclusion or indicates 
that reversible transfer of glucose through what he would class as membranes 
was not involved. 

Values for the amount and rate of appearance (inflow rate) of glucose in the 
non-surgical dog, calculated following single injections of C'*-glucose coupled 
with extrapolation of data to times of tracer injection have been criticized by 
Steele, Wall, de Bodo, and Altszuler (3). On the one hand, slow intermixing of 
the C'*-glucose with approximately one-half of the body glucose is said to be 
responsible for errors in amounts and appearance rates which are said to be 
incurred when the usual simplifying assumption is made that the body glucose 
is a well-mixed pool. On the other hand, Steele (3, 4, 5) has pointed to the 
effects of C'4-glucose reappearing (recycling) in the plasma compartment follow- 
ing its disappearance due to chemical transformation. Both the multicompart- 
mental and recycling effects alter the values of the intercept and initial slope 
of the equation describing the course of the specific activity as a function of the 
time following an intravenous injection of C'*-glucose, but in opposite direc- 
tions. 

The data presented in this paper provide an excellent basis for determining 
the extent to which the above criticisms apply against rates of appearance of 
C!.glucose calculated by means of tracer injection plus extrapolation. The 
average interval required for thorough intermixing of the injected C'*-glucose 
with the body glucose is seen by inspection of Figs. 1 and 2 to be approximately 
13 times as long in the acute surgically eviscerated dog as in the depancreatized 
dog. If, as suggested by Steele, non-uniform intermixing is an important factor 


*The values shown in Table I for the standard deviations of (Ra)o were calculated assuming 
that the measured standard deviations of K, and of No were independent. As shown by 
Halperin and Walser (10), they have a high negative correlation. As a result of this the calcu- 
lated standard deviation of (R,)o is only about +3% instead of +9%. 
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in producing calculated figures which are not valid for the rate of appearance 
of C'*-glucose in the normal dog by the technique of tracer injection plus 
extrapolation, the error caused by it should be much larger in the acute 
surgically eviscerated dog. 

Purely for the sake of this test, the assumption was applied that the body 
glucose is a single well-mixed pool. While this assumption is clearly in dis- 
agreement with the experimental data shown in Fig. 1 and described by equa- 
tions 9-11, it permits the fitting of a simgle exponential function to the data 
relating the specific activity of plasma glucose to the time after tracer injection. 
Such fittings were made by computer to the data of Fig. 1 for all three acute 
surgically eviscerated dogs. A wide range of intermixing times from 15 to 
140 minutes, with data extending up to 180 minutes after C'*-glucose injection, 
was obtained by the progressive omission of specific activity values determined 
soon after the C'-glucose injection. Values for the amount and rate of appear- 
ance of glucose in the body glucose mass, calculated by means of equations 
[1] and [3] respectively, are shown in Fig. 3 together with their calculated 
standard deviations. 

Both the slope and the intercept at time of tracer injection changed greatly 
(by more than 50%) as the allowed intermixing time increased from 15 to 
140 minutes. In spite of this wide variation, there was excellent agreement 
with little variation between the measured and computed rates of C!*-glucose 
appearance for the two eviscerated dogs which lived through the planned 
experimental period, and fair agreement for the one which died shortly before 
its completion (Figs. 3, 5, and 4, respectively). Calculated values for the 
amount of the intermixing body glucose varied as widely as the intercept values 
from which they were calculated by equation [1]. 

The reason for the insensitivity of the calculated rates of C'*-glucose appear- 
ance to the above fluctuations is seen upon examination of equation [3] by 
which they were calculated, and of the interdependence of the intercept value 
yo and its derivative (dy/dt)o, which appear in this equation. Values of yo and 
(dy/dt)) calculated by fitting a single exponential function before intermixing 
was complete, would both be larger than those obtained following its com- 
pletion. Since one appears in the numerator and the other in the denominator 
of equation [3], the errors introduced by each into the calculated value of 
(R.)o would tend to counteract each other. The great effectiveness of this 
counteraction even in the presence of increases in yo of more than 50% is seen 
in Figs. 3, 4, and 5. 

In the above demonstration the deflections of the fitted single exponential 
function were all clockwise due to incomplete intermixing. As noted by Steele, 
recycling of the C'*-glucose would. have caused a counterclockwise rotation of 
the fitted single exponential function. However, the same insensitivity of 
calculated values for (R,)o to such decreases in the magnitudes of yo and 
(dy/dt)) will hold as was demonstrated above, since equation [3] is used in 
both cases. 
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To sum up: the above analyses offer little or no support for Steele’s criticism 
against values for the rate of glucose appearance in the acute surgically evis- 
cerated dog calculated by the single injection plus extrapolation procedure, 
providing that the period from which the extrapolation is made extends beyond 
the transient intermixing phase. In dogs with intact circulatory systems, the 
criticism would be even less applicable. On the other hand, it is clear that 
Steele’s criticism does apply to the calculated amount of body glucose. 

The interpretation of calculated rates of glucose appearance in vivo is closely 
linked with the way in which the amount of intermixing body glucose can be 
safely subdivided. Sheppard and Householder (14) have provided a basis for 
analyzing multicompartmental animal systems in which measured values for 
the specific activity of a substance in the blood plasma are extrapolated back 
to the time of intravascular tracer injection. Even systems known to have the 
substance in numerous compartments, all of which exchange with the substance 
in the plasma, behave initially as though all the non-plasma compartments were 
combined. Thus, using only values extrapolated to times of tracer injection, 
we are justified in considering the glucose of the eviscerated dog as consisting of 
two glucose masses. 

In terms of Sheppard and Householder’s concept, the initial distribution of 
injected C'4-glucose would be through that amount of glucose, Ni, with which 
plasma glucose intermixes rapidly by circulation, diffusion, and other means 
(Fig. 6). The final distribution would be through the entire miscible mass of 


R 





Vv 


Fic. 6. The body glucose of the dog shown as two amounts, N; and N2, representing 
the glucose which becomes rapidly intermixed with C'*-glucose injected into the blood 
plasma, and the remaining miscible body glucose, respectively. Amounts and rates of 
appearance of C!*-glucose which can be calculated following a single tracer injection are 
named and marked with full lines. 


body glucose, Ni+Ne2. Values (Ni)o and (Ni+N2)o would be obtained by 
extrapolating the combined fitted function for the specific activity of plasma 
glucose, and its slow component term, respectively, back to time ¢=0 of tracer 
injection. Initially the rate of appearance of glucose in Ni would be (Rin +Ra1)o 
shown in Fig. 6 and calculated by equation [2] using both terms of equation [7]. 
The initial rate of appearance of C!*-glucose in the entire system, (Rin)o, would 
be calculated by equation [2] using only the second term of equation [7]. 
Values for (Re1)o obtained from Table I as the differences of the above two 
calculated rates are: 14.8, 0.76, 0.91, and 0.75 g glucose/hour for dogs 1-4, 
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respectively. From this it is concluded that the average rate of glucose transfer 
from N2 into N, in acute surgically eviscerated dogs Nos. 2-4 was only 5.5% as 
large as in the depancreatized dog without insulin (No. 1). 

With C'?-glucose being infused into N, it is recognized that the average 
specific activity of Ne must be higher than that of NM, after intermixing is over 
following C'*-glucose injection. This was confirmed experimentally for the 
body glucose in eviscerated dogs 2 and 4 (Fig. 1), the specific activity of the 
whole body glucose becoming about 10% higher than that of the plasma glucose 
at cessation of C!*-glucose infusion in these acute surgically eviscerated dogs. 

If calculated values for the amount of body glucose in the acute surgically 
eviscerated dog at times of tracer injection are 10% high, then values for the 
net rate of increase of body glucose, d/dt(Ni+Ne2), would also be 10% high. 
The rate of glucose disappearance Ra would thus be less than 10% low when 
determined by equation [12]: 


d 
[12] Ra = Ru— 7 (Mi +N). 


In dogs with intact circulatory systems, the characteristic error in Ra would 
probably be much smaller than in those following acute surgical evisceration, 
and equation [12] would still provide reasonably reliable values for Ra. 

For such intact animals the method of successive tracer injections still 
appears to be the method least prone to assumptions now available for deter- 
mination of valid rates of disappearance of a plasma constituent where access 
to the system is limited to the circulating blood. 
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THE EFFECT OF RESERPINE ON THE METABOLIC 
RATE OF RATS! 


GORDON E. JOHNSON AND E. A. SELLERS 


Abstract 


The ability of reserpine to deplete various tissues of their content of cate- 
cholamines is well established. Previous work has shown a biphasic change in 
oxygen consumption (as an index of total metabolic rate) occurring simul- 
taneously with the phases of release and depletion of catecholamines produced 
by the drug. After 1 or 4 mg/kg of reserpine the metabolic rate of male albino 
rats is increased for several hours. This increase did not occur after adrenalectomy 
and could be inhibited by pretreatment with phenoxybenzamine. This drug also 
diminished the increases produced by adrenaline or noradrenaline administered 
alone. 5-Hydroxytryptophane did not alter the metabolic rate. The results 
suggest that the effect of reserpine on the metabolic rate may be attributed to 
the release of adrenaline from the adrenal medulla. 


The ability of reserpine to deplete various organs of their supply of cate- 
cholamines has been demonstrated by various investigators. Holzbauer and 
Vogt (1) showed the depletion of catecholamines from the hypothalamus of the 
cat following treatment with reserpine. In later work Weil-Malherbe and Bone 
(2) observed that reserpine causes the disappearance of approximately 50% of 
the catecholamines from the brain stem of the rabbit within 4 hours. Other 
workers have also reported that reserpine depletes the heart of the cat (3) and 
the adrenal medulla of the rat (4) of their catecholamine content. 

Both Hoffman (5) and Dandiya et al. (6) observed that reserpine increased 
the metabolic rate of rats. The influence of the released adrenaline and 
noradrenaline has been suggested as the cause of the increased oxygen consump- 
tion. However, the release of 5-hydroxytryptamine from various tissues by 
reserpine might also be an important factor (7). The present study was under- 
taken to investigate these possible mechanisms of production of the increase in 
metabolic rate following reserpine. For reasons explained in the Discussion, 
5-hydroxytryptophane was used rather than 5-hydroxytryptamine. 


Methods and Materials 


Male albino rats weighing between 150 and 200 g were used, except in experi- 
ments involving adrenalectomy in which female albino rats of comparable 
weight were employed. Female rats were also used in the 5-hydroxytryptophane 
experiments. Metabolic rate was estimated by measuring oxygen consumption 
in a constant-temperature water bath maintained at 30° C + 1° C (8). The 
doses of reserpine used were 1 mg/kg and 4 mg/kg. Phenoxybenzamine (Diben- 
zyline) was administered in a dosage of 2 mg/kg, 10 to 12 hours preceding the 
injection of reserpine, adrenaline, or noradrenaline. Both adrenaline and 
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noradrenaline were administered in a constant dosage of 0.1 cc of a 1/1000 
solution to all animals. The dose of 5-hydroxytryptophane employed was 
10 mg/kg. In experiments with adrenalectomized rats the glands were removed 
5 days before the animals were used. These rats were offered normal saline 
ad libitum, or were given 30 units daily of adrenal cortical extract and offered 
water ad libitum for the 5-day interval between the operation and the experi- 
ment. The usual laboratory ration was available at all times. Reserpine solu- 
tions were prepared in concentrations of 1 mg/ml and 4 mg/ml by dissolving 
the reserpine in a small volume of dilute acetic acid and diluting the solution 
with distilled water. Phenoxybenzamine solutions of 2 mg/ml were prepared 
by dilution of a commercially available solution of phenoxybenzamine HCl 
50 mg/ml with distilled water. Solutions of 5-hydroxytryptophane were pre- 
pared by dissolving 5 mg in 1 ml of distilled water. The adrenal cortical extract 
employed was produced by the Connaught Laboratories and contained 50 units 
per cc. All injections were administered subcutaneously, with the exception of 
the adrenal cortex extract, which was injected intramuscularly. 


Results 


The effects of the two dosages of reserpine (1 and 4 mg/kg) on the oxygen 
consumption of the rats are shown in Figs. 1 and 2. The oxygen consumption 
of rats treated with 4 mg/kg of reserpine is significantly higher than the control 
readings 1 hour after treatment. However, the metabolic rate of the rats to 
which 1 mg/kg of reserpine was administered is not significantly higher than 
that of the saline group at hour 1. With both doses of reserpine the results 
obtained at hour 2 are significantly higher than the values observed with the 
same animals at hour 1, and both are significantly higher than the results for 
controls at hour 2. As mentioned by us previously, this is the first phase of a 
biphasic response and is followed by a decline in metabolic rate (6). 

The oxygen consumption of control rats, rats receiving 1 mg/kg reserpine, 
and rats receiving phenoxybenzamine and reserpine (1 mg/kg) is shown in 
Fig. 1. Pretreatment with phenoxybenzamine significantly inhibited the 
increase in oxygen consumption between the first and second hours following 
reserpine. 

The oxygen consumption of the control rats, rats treated with reserpine 
4 mg/kg, and rats receiving phenoxybenzamine and reserpine (4 mg/kg) is 
indicated in Fig. 2. Phenoxybenzamine prevented the increase in oxygen con- 
sumption normally elicited by this dose of reserpine at hour 2 as compared 
with hour 1 postinjection. However, both treated groups exhibit a significantly 
higher metabolic rate (P=0.01) than the control group 1 hour after injection. 

The effects of subcutaneous administration of noradrenaline and phenoxy- 
benzamine plus noradrenaline can be seen in Fig. 3. Noradrenaline causes a 
pronounced increase in oxygen consumption 1 hour after injection. Pretreat- 
ment with phenoxybenzamine significantly diminishes the level at hour 1 
(P=0.01). 
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Figure 4 indicates the results in animals to which adrenaline, and phenoxy- 
benzamine plus adrenaline, was administered. Adrenaline produces an increase 
in oxygen consumption that lasts for more than 2 hours after injection. Al- 
though pretreatment with phenoxybenzamine significantly diminishes the level 
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at hour 1 (P=0.05) its most pronounced effect was observed 2 hours post- 
injection. 

Treatment with 5-hydroxytryptephane does not increase the metabolic rate 
of the rats. The results of this experiment are shown in Fig. 5. 

Rats adrenalectomized and given saline for 5 days previous to use showed no 
significant increase in metabolic rate when given either dose of reserpine 
(1 mg/kg, 10 rats; 4 mg/kg, 15 rats). 
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The experiments with adrenalectomized rats were repeated with animals 
receiving adrenal cortex extract. The observations are depicted in Fig. 6. 
Neither dose of reserpine caused an increase in metabolic rate. 


Discussion and Conclusions 


Reserpine in the doses used here increases the metabolic rate of albino rats 
kept at an environmental temperature of 30°C. It has previously been reported 
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that the administration of 5-hydroxytryptamine does not increase oxygen 
consumption (5). However, the inability of the injected serotonin to enter the 
brain tissues might be considered the reason for its failure to increase metabolic 
rate. In this experiment, the 5-hydroxytryptamine precursor, 5-hydroxy- 
tryptophane, which can pass through the blood-brain barrier, also failed to 
increase the metabolic rate. This would seem to eliminate the release of sero- 
tonin by reserpine as a contributing factor. 

The effect of phenoxybenzamine, which blocks the rise of metabolic rate 
after reserpine, indicates indirectly the possibility that this action of reserpine 
may be mediated by the release of adrenaline and (or) noradrenaline. After 
adrenalectomy reserpine, in the same dosage as before, failed to produce an 
increase in oxygen consumption. This result was also observed when adrenalec- 
tomized rats were injected with adrenal cortical extract as replacement therapy. 
The dose used was sufficient to maintain the animals and afford protection 
against moderate stress (8). We have observed such animals are still capable 
of increasing their oxygen consumption in response to adrenaline and nor- 
adrenaline (unpublished results). Thus it appears that the observed increase 
in oxygen consumption after reserpine is largely dependent on the secretion of 
the adrenal medulla. Moreover, since the major product of the adrenal medulla 
is adrenaline, and not noradrenaline (9), the observation that both the adrenal- 
ectomized and functionally demedullated (i.e., adrenalectomy + adrenal corti- 
cal extract) rats were unable to increase their oxygen consumption after treat- 
ment with reserpine would seem to indicate that adrenaline and not noradren- 
aline was responsible for the increase in intact animals. 

Phenoxybenzamine diminishes the increase in oxygen consumption produced 
by all three drugs, reserpine, adrenaline, and noradrenaline. In the experiments 
reported here the time relations of the response after reserpine resembled those 
after adrenaline, but differed from those after noradrenaline. Because of the 
single dose level of adrenaline and noradrenaline used and possible differences 
in rates of absorption it should be fallacious to draw conclusions from this 
observation of time relations. However, the observation is consistent with the 
results after adrenalectomy and may substantiate them. 
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A COMPARATIVE STUDY OF SOME CARBONIC 
ANHYDRASE INHIBITORS! 


V. R. Wooprorp, NEL LEEGWATER, AND S. M. DRANCE 


Abstract 


A modification of a colorimetric method for the determination of carbonic 
anhydrase is described in which substrate is supplied in the form of gaseous carbon 
dioxide. Using this method, the inhibitory effects of seven carbonic anhydrase 
inhibitors used in the control of intraocular pressure were investigated. It was 
found that equilibrium between enzyme and inhibitor required from 2 minutes to 
64 minutes to become established. A comparison of the inhibitory potencies of 
the various drugs is presented. 


Introduction 


Carbonic anhydrase has for some years been associated with a certain degree 
of control over the secretion of the aqueous humor of the eye. Kinsey (1) found 
that the aqueous humor of rabbit eyes contained a greater amount of bicar- 
bonate than did the plasma. The greater excess occurred in the aqueous humor 
of the posterior chamber, which is in closer proximity to the ciliary processes 
than is the anterior chamber. Wistrand (2) in 1952 had already found carbonic 
anhydrase to be present in the combined homogenate of rabbit ciliary processes 
and iris. The exact location of the enzyme in the anterior uvea was, however, 
not determined. Subsequently Green et al. (3) showed that of the total carbonic 
anhydrase present in the rabbit anterior uvea, the ciliary processes contained 
about 60% and the remaining 40% was found in the iris. Ballintine and Maren 
(4) estimated that the concentration of carbonic anhydrase in the rabbit ciliary 
processes is some three times higher than in the iris. 

Mann and Keilin (5) were led to investigate the possibility that some of the 
clinical side-effects of sulphanilamide administration might be due to inhibition 
of carbonic anhydrase in blood. They showed that this antibiotic was indeed a 
strong inhibitor of the enzyme from blood and, moreover, that the inhibition 
was due entirely to the sulphonamide group. Substitution of one or both of 
the hydrogens of the sulphonamide group resulted in loss of activity. These 
observations were independently confirmed by Locke et al. (6). 

Davenport (7) in 1945 showed that thiophene-2-sulphonamide was a more 
potent inhibitor of carbonic anhydrase than was sulphanilamide. A little later 
Krebs (8) studied the inhibitory potencies of some 25 sulphonamides and, 
again, it was found that substitution of the hydrogens of the sulphonamide 
group resulted in loss of activity. In 1950 Roblin and Clapp (9) synthesized a 
number of sulphonamides which were investigated for anticarbonic anhydrase 

1Manuscript received July 25, 1960. 
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activity by Miller et al. (10). Among these, 2-acetylamino-1,3,4-thiadiazole-5- 
sulphonamide (Diamox, acetazoleamide) has been found to be an exceedingly 
powerful carbonic anhydrase inhibitor and has found wide use clinically. Since 
this time a number of sulphonamides have been synthesized as potential 
carbonic anhydrase inhibitors (11, 12). 

Although at that time carbonic anhydrase had not been implicated in the 
formation of the aqueous humor of the eye, Becker (13), on the basis of Kinsey’s 
(1) finding of an excess of bicarbonate in the aqueous humor, administered 
Diamox to patients with increased intraocular pressure and obtained a fall in 
pressure attributed to inhibition of aqueous inflow. In studies of the effects of 
Diamox on rabbit eyes, Becker and Constant (14) found that after systemic 
administration of this drug there was good correlation between suppression of 
aqueous flow and reduction in aqueous humor bicarbonate concentration. This 
led to the suggestion that carbonic anhydrase plays a role in aqueous humor 
formation (15). A considerable number of various types of sulphonamides 
(see Fig. 1 for a partial list) have been used clinically to reduce intraocular 
pressure. 

Methods for determining carbonic anhydrase activity in vitro have generally 
fallen into three categories: manometric (16), colorimetric (17), and potentio- 
metric (18). The manometric method measures the liberation of carbon dioxide 
from carbonic acid; the colorimetric and potentiometric methods measure the 
reverse reaction, namely, the formation of carbonic acid from carbon dioxide 
and water. In the latter two methods this is usually done by measuring the 
time required for the pH of a buffer to fall from its initial value to some pre- 
determined value due to the catalytic formation of carbonic acid. The range 
of fall in pH is most often from about pH 8 to about pH 6. Substrate is usually 
supplied in the latter two methods in the form of a solution of carbon dioxide. 
This has the disadvantage that at the same time as substrate is added, pre- 
formed carbonic acid is also added which lowers the pH of the test system 
without any reference to the catalytic activity of the enzyme. 

In the present report a modification of a colorimetric method for the deter- 
mination of carbonic anhydrase is described in which substrate is supplied in 
the form of gaseous carbon dioxide. A report is also given of the comparative 
inhibitory potencies against carbonic anhydrase of seven drugs which have been 
used to reduce intraocular pressure in the control of glaucoma. 


Methods 


Carbonic anhydrase activity was measured by a modification of the colori- 
metric method of Wilbur and Anderson (19). This modification consisted 
principally of supplying substrate in the form of gaseous carbon dioxide, 
flowing under a pressure of 24.6 cm water through a 1-mm capillary tube having 
an orifice 0.5 mm in diameter. This rate of flow was found to be sufficient to 
establish a straight line relationship between enzyme concentration and activity 
over a range of enzyme concentrations (see Fig. 2). In another series of experi- 
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ments, using 12 wg of enzyme preparation per sample, substrate concentration 
was varied by supplying the gas at various flow rates. The results of these 
experiments indicated that when carbon dioxide was supplied flowing under 
24.6 cm of water pressure the enzyme concentration was the limiting factor in 
the reaction, suggesting that under these conditions the enzyme was saturated 
with substrate. 

Supplying substrate in the form of the gas markedly shortened the reaction 
time of the original Wilbur and Anderson method. Therefore in order to 
increase the reaction time to values which would afford accuracy of measure- 
ment, the concentration of the Veronal buffer was increased threefold to 0.095 M, 
providing a final concentration of 0.038 M in the test system. 


Preparation of Reagents 

Enzyme Solution 

Commercially prepared beef erythrocyte carbonic anhydrase (stated to con- 
tain 100 Philpot units (17) per mg) procured from Nutritional Biochemicals 
Corp., Cleveland, Ohio, served as source of enzyme. The enzyme solution was 
prepared by dissolving 3.0 mg of this preparation in 10 ml of Veronal buffer 
at pH 8.15 (described below) without the dye. This was then diluted to 250 ml 
with distilled and deionized water. This resulted in 12 yg of protein in the final 
5.0 ml of test solution described below. 


Veronal Buffer, pH 8.15 

5,5-Diethylbarbituric acid (2.637 g) and 6.844 g of the sodium salt were 
dissolved in water and diluted to 500 ml. Before dilution of the solution to 
final volume, the pH was adjusted to 8.15 with dilute HCl or NaOH, as 


appropriate. Before use, 5.0 mg of bromthymol blue was dissolved in 100 ml 
of the buffer. 


Veronal Buffer, pH 6.30 

Sodium 5,5-diethylbarbiturate (4.563 g) was dissolved in 950 ml water and 
brought to pH 6.30 with N HCI, then diluted to 1000 ml with water. Before 
use 2.0 mg bromthymol blue was dissolved in 100 ml of the buffer. The color 
of the test sample was brought to match this buffer during the carbonic 
anhydrase activity determination. 
Inhibitor Solutions 

The solutions of inhibitors used in this study were made up as needed by 
diluting a 10-5 M stock solution to the desired concentration. In preparing 
the stock solution, the pH was adjusted to 8.15 before dilution to volume. 
Procedure 

The experimental samples contained 2.0 ml of buffer at pH 8.15 (containing 
bromthymol blue), 1.0 ml of inhibitor solution, 1.0 ml enzyme solution, and 
1.0 ml of water. Water replaced the inhibitor and enzyme solutions as appro- 
priate in the control (uninhibited) and blank (uncatalyzed) reaction tubes. 
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These tubes were placed in an ice-water bath and allowed to come to tempera- 
ture. The reaction was started by the introduction of gaseous carbon dioxide 
and timed until the color of the reaction tube matched that of the comparator 
tube containing the buffer at pH 6.30. Quadruplicate determinations were 
carried out for each sample including the blanks and controls. Under these 
conditions the mean reaction time in 79 experiments was 125.5+7.8 seconds 
for the uncatalyzed reaction and 18.7 +2.3 seconds for the control (uninhibited) 
reaction. 

Enzyme activity was expressed in units derived according to the following 
formula: 

(R—Ro)/Ro = units, 

where 


R = the reciprocal of the reaction time of the catalyzed sample, 
and R, = the reciprocal of the time of the uncatalyzed reaction. 


The present unit corresponds to about five Wilbur and Anderson units, and 
usually about six units per sample (i.e., per 12 ug protein) were found. 

In order to determine the relative inhibitory capacities of the various drugs 
used in this study, the concentrations required to cause 50% inhibition of the 
enzyme were determined. After preliminary experiments had been carried out 
to determine the approximate concentration, the percentage inhibition brought 
about in a series of samples was plotted against the logarithm of the molar 
concentration of the inhibitor. In the restricted range of inhibitor concentra- 
tions employed a straight line resulted. The concentration corresponding to 
50% inhibition could then be read from the graph. The mean result of several 
such estimations was considered to be the concentration sought for. This was 
then verified by exposing the enzyme to this concentration and determining 
the actual percentage inhibition produced. During the course of this work it 
was found that the equilibrium between enzyme and inhibitor did not obtain 
immediately, but over varying periods of time. Accordingly the time required 
for this equilibrium to take place was determined for each inhibitor and the 
enzyme was placed in contact with the inhibitor for the appropriate length of 
time before the reactions were carried out. The enzyme was shown to be stable 
during the length of time required to carry out a series of analyses; in fact, in 
the stock solution it appears to be stable for at least 4 days at room tempera- 
ture. 


Results 


Figure 1 gives the structures and names of the compounds used in this study. 
Determination of the various lengths of time required for establishment of 
equilibrium between enzyme and ifhibitor was done in the following way. Cold 
buffer, enzyme, and inhibitor solutions were combined and allowed to stand in 
the ice-water bath for 0.5, 1, 2, 4, 8, 16, etc. minutes before starting the reaction 
by addition of substrate. These times were chosen in order to facilitate plotting 
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Diamox = 2-Acetylamino-1,3,4-thiadiazole-5-sulphonamide. 

Neptazane = 5-Acetylimino-4-methyl]-A?-1,3,4-thiadiazoline-2-sulphonamide. 
Disalide = 5-Chloro-2,4-disulphamyltoluene. 

Daranide 1,3-Disulphamy]-4,5-dichlorobenzene. 

W-1548 p-Sulphamyl-2-hydroxyethylcarbonilate. 

Cardrase 6-Ethoxybenzothiazole-2-sulphonamide. 

Hygroton 1-Oxo-3-(3’-sulphamoy]-4’-chlorophenyl)-3-hydroxyisoindoline. 
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The structures of the various carbonic anhydrase inhibitors used in this study. 
The chemical names for each of the drugs is as follows: 


Cold Fic. 2. The relationship between activity and enzyme concentration. See text for 
y. Oo details. 
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r eaction the resulting percentage inhibition against a logarithmic scale of the time. The 
plotting results of a typical experiment of this type are found in Fig. 3. In Fig. 3a the 
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Fic. 3. The effect of time of preliminary exposure of enzyme to W-1548. Concentra- 
tion of inhibitor, 1.1510-7 M. Experimental details as in text. In Fig. 3a activity is 
plotted against time whereas in Fig. 30 it is plotted against log time. 


percentage inhibition is plotted against time in minutes. This results in a 
hyperbolic curve. The concentration of inhibitor used in these experiments was 
that which, in preliminary tests, was found to be approximately sufficient to 
cause 50% inhibition. In most instances the concentration used brought about 
slightly more than 50% inhibition after equilibrium between enzyme and 
inhibitor was established. When the results were plotted against the log of 
time, the resulting plot is made up of a straight line with a positive slope which 
breaks sharply and becomes horizontal after equilibrium is established (Fig. 30). 
The latter manner of plotting the results probably yields a more accurate 
estimation of the minimum time required for establishment of equilibrium; 
however, since this was of less interest to us than being certain that equilibrium 
was completely established, the times chosen for preliminary exposure of 
enzyme to inhibitor were the earliest times at which maximum inhibition 
occurred as shown on the hyperbolfc curve. 

The results of these experiments are presented in Table I. In the first 
column are found the times as determined by log plot, in the second, the times 
as determined on the hyperbolic curve. In the case of Daranide, the attainment 
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TABLE I 


Times required to establish equilibrium between enzyme 
and inhibitor 








Time in minutes 





Inhibitor Log plot Regular plot 





Diamox 
Neptazane 
Disalide 
Daranide 
W-1548 
Cardrase 
Hygroton 





of equilibrium was so slow that no straight line resulted from the use of a log 
plot. 

In Fig. 4 the results of a typical experiment to determine the concentration 
of inhibitor equivalent to 50% inhibition are presented. In this particular 
experiment Neptazane served as inhibitor. The enzyme was exposed to various 
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Fic. 4. The effect of various concentrations of Neptazane on carbonic anhydrase 
activity. For details of the method see text. In this experiment the concentration of 
inhibitor corresponding to 50% inhibition was 2.52X10-§ M. Neptazane and enzyme 
mixed before addition of substrate. 








concentrations of Neptazane for 4 minutes (see Table I) before addition of 
substrate. The percentage inhibition obtained at each concentration was then 
plotted against the log of the molar concentration. The concentration of in- 
hibitor corresponding to 50% inhibition was then read from the graph. The 
mean concentration of several experiments with each inhibitor is found in 
column 2 of Table II. In the third column the actual inhibitions produced by 
these concentrations are recorded. It can be seen that in each instance the 
actual inhibition produced is very close to 50%. From the results presented in 
Table IT, it can be seen that Diamox, Neptazane, and Disalide all possess about 
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equal inhibitory potencies against carbonic anhydrase. Daranide, Cardrase, 
and Hygroton all appear to be about twice as potent. On the other hand, 
W-1548 is only 20% to 25% as inhibitory as Diamox. 


TABLE II 


Inhibitor concentrations causing 50% inhibition 

















Concentration Actual 
equivalent to inhibition 
Inhibitor 50% inhibition (M) produced (%) 

Diamox 2.201078 50 
Neptazane 2.45 107-8 51 
Disalide 1.74X10-8 54 
Daranide 1.08 x 10-8 48 
W-1548 9.19x10-8 53 
Cardrase 1.05 10-8 49 
Hygroton 1.381078 47 

Discussion 


Millichap et al. (20) and Davenport (7) have stated that equilibrium between 
carbonic anhydrase and its sulphonamide inhibitors is reached almost immedi- 
ately. Mann and Keilin (5) gave the immediate inhibition by sulphonamides 
as one reason for their belief that the reaction occurred between the sulphon- 
amide and the zinc-containing prosthetic group of the enzyme. On the other 
hand Maren et al. (21) found that the equilibrium between Diamox and the 
carbonic anhydrase of laked, heparinized dog blood took place in 3 minutes at 
room temperature and in about one hour at 0° C. It has therefore appeared to 
be of some interest to observe the variable lengths of time required for estab- 
lishment of the equilibrium between carbonic anhydrase and the inhibitors 
used in this study. 

Insofar as it has been possible to compare the results of our inhibition studies 
with those previously published, good agreement has been found. Miller e¢ al. 
(10) reported concentrations of Diamox on the order of 10-* M caused 50% 
inhibition whereas Millichap et al. (20) reported 50% inhibition occurred with 
9.110-* M and 7.2 X10-® M at 0° and 10°, respectively. Gordon (23) reported 
a value of 2.7 10-8 for Cardrase. 
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PHOSPHOGLUCOMUTASE, PHOSPHORIBOMUTASE, AND 
PHOSPHOGLUCOISOMERASE OF LINGCOD MUSCLE! 


GERARD-B. MARTIN? AND H. L. A. TARR 


Abstract 


Aqueous extracts of lingcod muscle were saturated with ammonium sulphate 
and the resulting protein fraction was dialyzed to yield a crude preparation which 
exhibited marked PGM,* PRM, and PCI activities. When such preparations 
were flash heated to 55° C and lyophilized, the remaining soluble-protein fraction 
could be chromatographed on DEAE cellulose columns using gradient elution with 
tris buffers to separate the PGI from the PGM and PRM activities which were 
eluted simultaneously. The properties of the pooled PGI fraction thus obtained 
were similar to those described in the literature from PGI prepared from widely 
different sources. Instability of the pooled fraction containing PGM and PRM 
made it difficult to employ this for studies of these enzyme activities, and there- 
fore the crude ammonium sulphate fraction appropriately diluted was used. In 
this fraction PGM activity was at least 100 times that of PRM activity, and when 
in the dephospho form both PGM and PRM were inactive unless either GDP, 
RDP, or DRDP was added. The action of Mgt*, CSH, and 8-hydroxyquinoline 
on PGM and PRM was studied with results which showed marked differences in 
response of the two enzymes to these agents. 


Introduction 


It has been pointed out recentiy that our knowledge of the glycolytic 
mechanisms in tissues of fishes and marine invertebrates, in comparison with 
that about warm-blooded mammals, is indeed fragmentary (Gubmann et al. 
(1)). However, much is being done to remedy this defect. Thus, 10 years ago 
evidence was presented for the occurrence in fish muscles of the hexose phos- 
phates and higher energy phosphorus compounds which are found in mam- 
malian muscles (Tarr (2)). More recently, Cordier and Cordier (3) and Ono 
and Nagayama (4) have studied fish muscle phosphorylase, and Shibata (5) 
aldolase from this source. Crude, or fairly highly purified, glycolytic or pentose 
cycle enzymes recently prepared from fish muscles include PGM (6), PRM (7), 
phosphoriboisomerase, and ribulose 5-phosphate 3’-epimerase (8). Recent in- 
vestigations at this Station by Dr. R. A. MacLeod and his collaborators 
(unpublished) have shown that homogenates of all fish tissues examined, in- 
cluding skeletal muscle, liver, heart, and kidney, contain hexokinase, phos- 


1Manuscript received August 29, 1960. 

Contribution from the Fisheries Research Board of Canada, Technological Station, 
Vancouver 8, B.C. 

*Present address: Ecole Supérieure des Pécheries, Ste-Anne-de-la-Pocatitre, Cté Kamouraska, 
Qué. Holder of a Fisheries Research Board of Canada Bursary (1958) and Studentship (1959). 
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of Zoology, University of British Columbia, September, 1959. 

*The following abbreviations are used: Pi, orthophosphate; PGM, phosphoglucomutase; 
PRM, phosphoribomutase; PGI, phosphoglucoisomerase; G1P, a-p-glucose 1-phosphate; G6P, 
a-D-glucose 6-phosphate; R1P, a-p-ribofuranose 1-phosphate; R5P, a-p-ribofuranose 5-phos- 
phate; GDP, a-p-glucose 1,6-diphosphate; RDP, a-p-ribofuranose 1,5-diphosphate; DRDP, 
deoxyribose 1,5-diphosphate; F6P, fructose 6-phosphate; CSH, cysteine; tris, tris(hydroxy- 
methyl)aminomethane; DEAE, diethylaminomethylcellulose. 
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phoglucoisomerase, phosphofructokinase, aldolase, glyceraldehyde 3’-phosphate 
dehydrogenase, phosphoglyceromutase, enolase, pyruvic kinase, and lactic 
dehydrogenase. Studies with carp livers indicate that the hexosemonophos- 
phate shunt system is inoperative in this tissue (Tappel et al. (unpublished)), 
but this does not exclude the possibility that this system may function in other 
fish tissues. The methods of separation and some of the important properties 
of lingcod muscle PGM, PRM, and PGI are described in the present communi- 
cation. 


Materials and Methods 


Dipotassium G1P was obtained from the Sigma Chemical Co., St. Louis, Mo.’ 
or from the Nutritional Biochemicals Corp., Cleveland, Ohio. The Sigma pro- 
duct when tested without GDP and dephosphoenzyme (see Experimental section) 
was not converted to G6P, while the Nutritional Biochemicals product was 
rapidly converted to G6P under these conditions. This indicated that the latter 
product probably contains GDP, which is in accord with McCoy and Najjar’s 
recent finding (9). The Nutritional Biochemicals product was used in all but 
those experiments where tests were made to determine the comparative effec- 
tiveness of GDP, RDP, and DRDP. Dipotassium G6P was purchased from 
the Sigma Chemical Co. The dicyclohexylammonium R1P and tetracyclo- 
hexylammonium DRDP used were prepared previously in this laboratory 
(7, 10). Tetracyclohexylammonium RDP (11) was a chemically synthesized 
product kindly donated by Dr. Gordon Tener of the British Columbia Research 
Council. Dibarium GDP was prepared from brewers’ yeast (Carling Breweries, 
Vancouver, B.C.) by the method of Cardini et al. (12). It was chromatographic- 
ally homogeneous in three solvent systems and the total and labile phosphorus 
content was 98-99% of the theoretical values. It was converted to the sodium 
salt before use by treatment of solutions with Dowex 508 Nat resin. 

The following compounds were purchased from the sources indicated: 
L-cysteine hydrochloride (California Foundation for Biochemical Research, 
Los Angeles); bovine serum albumin (Nutritional Biochemicals Corp.); Tris 
(Sigma Chemical Co.); 8-hydroxyquinoline (Eastman Organic Chemicals 
Division, Rochester, N.Y.) ; resorcinol (Nutritional Biochemicals, Inc.) ; maleic 
anhydride (Fisher Scientific Co., Montreal); fructose (Schwarz Laboratories, 
Mount Vernon, N.Y.), and DEAE type 20 from the Brown Co., Berlin, New 
Hampshire. 

In order to verify the chromatographic homogeneity of the various sugar 
phosphate esters used, and that of the products arising from the action of the 
various enzymes on these, descending chromatography on Whatman No. 1 
paper for 16 hours at 20—22° C, using m-propanol — 28% ammonium hydroxide — 
water (6:3:1 v/v) (13) was carried out. The position of the phosphate esters 
was determined using the Hanes and Isherwood (13) spray reagent, and the 
observed Ry; values were checked with literature values or with reference 
compounds. 
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Protein was determined by the quantitative biuret method of Kingsley (14) 
as modified by Snow (15), or, when the protein concentrations were low, by 
that of Lowry et al. (16). 

All enzyme reactions were carried out at 30° C. Unless otherwise stated the 
following assay conditions were employed: PGM activity was determined in 
solutions containing G1P, 4X10-* M; tris-HCl buffer, 0.02 M pH 7.5; Mg++ 
(as MgCl, or MgSQ,), 0.001 M; and cysteine, 0.01 M. The rate of conversion of 
GiP to G6P was determined by measuring the amount of acid labile G1P 
present in an aliquot of the reaction mixture made 0.1 N with H,SO, and heated 
at 100° C for 10 minutes before centrifuging and determining Pi by Gomori’s 
method (17). 

Unless otherwise stated, PRM activity was determined in solutions contain- 
ing RiP (4X10~ M), and tris-HCl buffer (0.01 M) pH 7.4. The velocity of the 
reaction was determined by removing appropriate aliquots, adding an equal 
volume of 0.2 M perchloric acid, holding for 45 minutes at 20—23° C (a pro- 
cedure which completely hydrolyzes R1P to yield Pi) (18), and determining 
Pi in the clear supernates after centrifugation by the Gomori procedure (17). 

PGI activity was determined in solutions containing G6P (2.5 10-* M) and 
tris-maleate buffer (0.025 to 0.035 M, pH 8.2). An appropriate aliquot of the 
reaction mixture was removed, an equal volume of 2 N HCl added, and the 
protein removed by centrifugation. The amount of F6P in the clear supernates 
was determined by the method of Roe (19) using F6P as standard. 

The 8-hydroxyquinoline used was added as an alcoholic solution to give a 
final concentration of 0.001 M. A quantity of ethanol identical with that added 
with 8-hydroxyquinoline had no effect on the reactions. 


Experimental 


All fractionation and purification procedures were carried out at 0—3° C. 
Fractionation of aqueous (pH 6.0) extracts of strictly fresh (rigor or prerigor), 
or of frozen lingcod muscle with ammonium sulphate (pH 7.0) as in previous 
work carried out at this Station (8, 10) was the basic general method employed 
to obtain a crude extract which contained the three enzymes. For most of the 
experiments with PGM and PRM it was found convenient, because of the 
comparative instability of these enzymes when partially purified, to use a 
muscle extract which had been saturated with ammonium sulphate, and the 
precipitate dialyzed against distilled water until free from ammonium sulphate. 

Chromatography using DEAE cellulose provided satisfactory separation 
of PGM and PRM from PGI. The general technique used was identical with 
that employed in separation of lingcod muscle phosphoriboisomerase and 
ribulose 5-phosphate 3’-epimerase using a concave gradient elution with tris 
buffer (8) except that the DEAE was equilibrated with 0.01 M tris-HCI buffer 
pH 7.0. In a typical experiment a crude lingcod muscle extract which had been 
saturated with ammonium sulphate, dialyzed, heated to 55° C (see below), 
lyophilized, and centrifuged (1.0 ml containing 33 mg protein nitrogen) was 
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applied to a 30X1.8 (diam.) cm DEAE column and eluted with a gradient as 
used in previous work (8). Fractions (6 ml) were collected at a flow rate of 
0.6-1.0 ml/minute. The results (Fig. 1) show that the main “protein peaks” 
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Fic. 1. Separation of PGM, PRM, and PGI usinga DEAE column. Protein, x—— x; 
PGI, O---O; PGM, A----- A; and PRM, @ e. 





did not correspond with the various peaks of enzymic activity. PGI activity 
was largely distributed between fractions 13-19 inclusive, and PGM and PRM 
between fractions 21—24 inclusive. The small amount of PGI activity which 
emerged with the first protein fraction (fractions 7-10 inclusive) could indicate 
a second distinct PGI enzyme, but, in view of the experience of others with 
DEAE, would seem to be more probably due to absorption of some of the PGI 
activity on the protein concentrate emerging in this region. The fractions 
containing PGM and PRM activity were pooled, but found to be very unstable, 
losing activity rapidly at 0° C and completely when frozen and thawed. On 
the other hand the pooled fractions containing PGI retained considerable 
activity for several days at 0° C and were used in studies of this enzyme. 
Partial purification of PGM was also obtained by fractionation with ammo- 
nium sulphate at pH 7.0. In a typical experiment 10 ml of a crude water 
extract of lingcod muscle was fractionated by addition of appropriate amounts 
of saturated ammonium sulphate solution and the precipitates dissolved in 
water and dialyzed as usual for testing for PGM activity. The results (Table I) 
showed that the fractions precipitating between 0.6 and 0.7 saturation with 
ammonium sulphate had the highest specific activity. A procedure which 
involved freeze-drying of a dialyzed saturated ammonium sulphate fraction, 
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TABLE I 


Partial purification of PGM from a crude water extract of frozen 
lingcod muscle using ammonium sulphate precipitation 








Total 

Specific protein Total 

activity nitrogen activity 

(units) * (mg) (units) 
Crude extract heated at 55° C 3.9 5.4 32.7 
0.0-0.5 ammonium sulphate precipitate 0.0 1.6 0.0 
0.5-0.6 ammonium sulphate precipitate 1.9 0.7 1.33 
0.6-0.7 ammonium sulphate precipitate 17.4 0.58 10.08 
0.7-0.8 ammonium sulphate precipitate 6.0 0.48 2.88 








*The specific activity is expressed as units per mg of protein N. The unit is defined as 1 
pmole of GiP converted to G6P per minute at 30° C under the usual experimental conditions. 


re-solution of this in water, centrifugation, flash heating of the supernate to 
56° C, followed by rapid chilling and centrifugation to remove coagulated 
protein resulted in considerable over-all purification (Table I1). In view of the 
instability of PGM and PRM when purified by means of a DEAE column, a 


TABLE II 


Purification of PGM by heating a crude water extract of lingcod muscle 








Total 
protein Specific 


Volume 
(ml) 


nitrogen 
(mg) 


activity 
(units) * 


Total 
units 





Water extract 380 
Saturated with ammonium sulphate, 

dialyzed, and centrifuged 250 
Lyophilized, centrifuged 100 
Heated at 56° C 99 


2413 


962 
465 
262 


1.33 


3.63 
6.88 
10.20 


3,140 


3,480 
3,210 
2,675 





*See Table I. 


crude dialyzed saturated ammonium sulphate fraction was used in the following 
experiments with these enzymes. It was appropriately diluted with 0.1% 
albumin solution for PGM, and with water for PRM studies. 


Relationship between Enzyme Activity and pH 

With PGM the normal reaction mixture was prepared without added enzyme, 
and small portions adjusted to pH values between 5 and 9 by cautious addition 
of trace amounts of 2. N NaOH or HCl. The results show that the enzyme has a 
fairly sharp optimum about pH 7.5 (Fig. 2). 

PRM pH-activity relationships were determined similarly using the reaction 
mixture previously described. The results (Fig. 2) indicate that this enzyme 
has a somewhat wider range of activity than PGM. 

With PRI the pooled active fractions from a DEAE column were used as 
source of enzyme. The reaction mixtures were adjusted to different pH values 
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with either tris—maleate or glycine-NaOH buffers (0.02 M final concentration). 
The results (Fig. 2) show that PGI has a wide range of activity with a broad 
optimum between pH 8.0 and 10.0. 
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Fic. 2. pH-activity curves. PGM, O——O; PRM, A----- A; and PGI, tris- 
maleate (@-- @) and glycine-NaOH (X--%X) buffers. Conditions: PGM, 1.2 ug 
protein N in 0.25 ml for each point, reaction time 6 minutes; PRM, 170 mg protein N in 
0.375 ml for each point, 40-minute reaction time; PGI, 1.25 yg protein N in 0.10 ml for 
each point, reaction time 8 minutes. 


Equilibrium 

The conditions used in determining equilibrium in the PGM system were 
identical with those employed for the pH-activity data, the reaction being 
carried out at pH 7.4. The results (Fig. 3) show that the reaction rapidly 
reaches an equilibrium at which the ratio of G1P:G6P is approximately 5:95 
For PRM the results (Fig. 3) show that in this system the equilibrium R1P to 
R5P was about 15 to 85. With PGI the conditions were identical with those 
used for determining the pH-activity relationship. The results (Fig. 3) show 
that at equilibrium the ratio of G6P to F6P was 38 to 62. 


Effect of Mg** and Cysteine 

The effect of Mg*+* on PGM was determined at pH 7.3. The enzyme em- 
ployed for this experiment was a freshly prepared eluate from a DEAE column. 
It was used at a concentration of 175 ug protein N/ml, which was considerably 
higher than that required for the more stable crude preparation employed in 
most experiments. The results (Fig. 4) indicate a marked requirement for 
Mg*+, optimum activation occurring at 1X10-* M concentration. The effect 
of cysteine was determined under similar conditions, the Mg** concentration 
being 1X10-* M. PGM also exhibits a strong requirement for cysteine with 
optimum activation at about 1X10-* M (Fig. 5). 
For PRM the effect of Mg** and cysteine on activity was determined under 
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Conditions: as‘for Fig. 3. 


304 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


conditions identical with those described for the previous experiments with this 
enzyme. The results (Figs. 4 and 5) show that PRM differs strongly from PGM 
in that neither Mgt* nor cysteine activates the enzyme. Both cause inhibition 
in the higher concentrations used. 
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Fic. 5. Effect of cysteine on the activity of PGM, O——O, and PRM, @——@. 
Conditions: as for Fig. 3. 


Effect of GDP, RDP, and DRDP on PGM and PRM Activity 

Crude enzyme (5 ml) to which 10 mg of G1P (Sigma) was added (20) was 
dialyzed 1 day at 0° C against several changes of a solution containing 0.01 M 
CSH and 0.001 M Mg*-, and the procedure then repeated. The enzyme was 
dialyzed a third day without addition of GiP and was then presumably en- 
tirely in the dephospho form. It was used in the following experiments designed 
to determine the effect of the three diphosphate esters on activity of PGM and 
PRM. 

It was found (Fig. 6) that PGM was inactive in the absence of the diphos- 
phate esters, and that all three exerted optimum activation at a concentration 
of 110-5 M, under the experimental conditions. A marked difference in 
activity was noted, namely GDP>RDP>DRDP. A similar experiment 
carried out with crude enzyme whick had been dialyzed in the usual manner 
without addition of GiP (11 yg protein N per test) indicated that it was also 
largely in the dephospho form since it was almost inactive without added GDP. 
In this experiment the optimum concentration of GDP was also 1X10-> M. 
Other studies indicated that the optimum GDP concentration is dependent on 
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the substrate (G1P) concentration and this finding is in accord with the results 
of Najjar and his collaborators (21, 22). 

The influence of the three diphosphate esters on PRM activity is shown in 
Fig. 7. Without added diphosphates no conversion of R1P to R5P was ob- 
served. The results indicated that the activating effect of the diphosphates was 





80 


70 


%GIP CONVERTED 


10 Hie 








0 & 
a sxio4ixio% 1x10S) ixio6’ x10"? ixio-S imc? 


MOLAR DIPHOSPHATES 


Fic. 6. Effect of GDP, RDP, and DRDP on PGM activity. Conditions: 44 ug protein 
N. GiP (Sigma) 1 umole, and the specified concentrations of diphosphate esters in 0.2 ml 
reaction mixture for each point; reaction time 4 minutes. 





as follows: RDP > DRDP >GDP, but the differences were comparatively small. 
However, in the presence of 8-hydroxyquinoline the differences in effectiveness 
of the diphosphate esters was marked. Thus one experiment (900 yg protein 
N/ml under standard conditions) showed that, when used in 110-5 M con- 
centration and in the presence of 8-hydroxyquinoline, the effectiveness of the 
diphosphate esters in stimulating PRM activity was greatly enhanced, but 
the comparative effectiveness of the three compounds was in the same order 
as that found without 8-hydroxyquinoline. 

With PGM the effect of 8-hydroxyquinoline was exactly the reverse of that 
found with PRM. Thus, with dephosphoenzyme under the usual conditions 
(44 wg protein N/ml) and in the presence of an optimum concentration of GDP 
(1X10-° M) 8-hydroxyquinoline caused about 20% increase in activity. 
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Fic. 7. Effect of GDP (O——O); RDP (X——xX); and DRDP (@ @) in PRM 
activity. Conditions: enzyme 110 ug protein N, R1P 0.5 umole, and the specified concen- 
trations of the diphosphates in a final 0.2-ml volume for each point. Reaction time 10 
minutes. 








Discussion 


The properties of PGM as observed in lingcod muscle are very similar to 
those found for PGM from mammalian muscle. The equilibrium of 95% in 
favor of G6P is in close agreement with values obtained elsewhere (9, 22, 23, 24) 
with other tissues. The results obtained for Mg+* requirement are in agreement 
with findings of previous workers. Mg** was found to be essential for, or at 
least a very strong activator of, PGM by a number of investigators (25, 26, 
27, 28). The present findings correspond almost exactly to the results of Najjar 
(22) with crystalline PGM from rabbit muscle. The CSH requirement of 
rabbit muscle PGM was studied by Najjar (22) with results similar to those 
found in the present work. A requirement for CSH was also demonstrated by 
Sutherland (29). However, Ramasarma et al. (23) could not find any activation 
of this enzyme by CSH when working with a partially purified enzyme from 
green gram. The optimum pH of approximately 7.5 found in the present work 
is in good agreement with the results of different workers with rabbit muscle 
PGM (22, 26, 30). 

The absolute requirement of PGM for GDP, first demonstrated by Najjar 
and Pullman (31), has been verified for the fish muscle enzyme. It has, more- 
over, been shown that, in order of decreasing activity, RDP and DRDP also 
catalyze the reaction. However, this is not unexpected since it is known that 
rabbit muscle PGM will cause a reversible reaction between R1P and G6P in 
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which both GDP and RDP are in equilibrium (32) and will also effect a similar 
reaction between mannose 1-phosphate and GDP (33). Optimum activation 
of PGM was occasioned by 110-5 M concentrations of the three diphosphate 
esters. Other experiments have shown that this optimum varies with the con- 
centration of substrate (G1P), which is in accord with previous studies on this 
enzyme (9, 20). 

The properties of lingcod muscle PRM are also very similar to those of the 
corresponding enzyme in other tissues. The equilibrium of about 85% in favor 
of R5P formation is in good accord with Klenow’s (34) findings. The range of 
pH for optimum activity was observed to be between about 7.0 and 8.5. This 
compares with the optimum pH 7.5 found by Klenow (34) but differs from the 
results of Guarino and Sable (35), who found a pH optimum of 6.7 to 7.2 for the 
bovine uterus enzyme. The present results showed no significant activation 
with Mg** and a very strong inhibition with high concentrations of this ion. 
Similar findings were obtained by Guarino and Sable (28, 35), although Klenow 
(34) found an activation by Mg**. The inhibitory effect of high MgSO, concen- 
trations is explained by the competition of the anions with R1P (or GiP) 
for the enzyme (36). Cysteine behaved similarly to Mg** and this compares 
well with the findings of Guarino and Sable (35) with PRM bovine uterus, 
though the same authors found an activation by cysteine when working with 
human blood cells (28). These inconsistencies in activity of CSH may be due 
to the metal binding activity of the protein itself in experiments with PRM 
where the protein concentration was comparatively high. 

PRM was inactive in absence of the diphosphate esters. The very marked 
differences in activating effect of these esters observed with PGM were not 
observed with PRM, but in general their effectiveness was as follows: RDP > 
DRDP>GDP. This difference was accentuated by the presence of 8-hydroxy- 
quinoline, the inhibiting effect of which was markedly overcome by the diphos- 
phates. Thus, under the usual experimental conditions, the three esters 
assumed the same order of effectiveness as noted above, but the differences 
were much more marked. As noted by Klenow (34) there is as yet no explana- 
tion for the effect of 8-hydroxyquinoline. 

According to the present findings PGM and PRM have points of resemblance 
with the corresponding mammalian enzymes. Fish muscle PGM exhibits about 
the same properties with regard to equilibrium, optimum pH, and requirement 
for Mg*+ and cysteine. The properties of PRM in mammalian smooth muscle 
(29) are not well established and it is therefore impossible to compare fish 
muscle PRM with the corresponding mammalian enzyme. 

So far as can be ascertained, Guarino and Sable (35) are the only investi- 
gators who have presented data which, with bovine uterus preparations at 
least, they feel may indicate that PGM and PRM are différent enzymes. The 
present work has shown significant differences in the effect of 8-hydroxyquino- 
line, Mgt+, and cysteine on PGM and PRM activities present in a crude 
lingcod muscle enzyme preparation. Though, on a protein basis, PGM activity 
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was usually at least 100 times that of PRM activity, the instability of purified 
preparations made it difficult in the present work to compare specific activities 
of PRM and PGM during purification procedures. Until a highly purified 
PGM preparation devoid of PRM activity, or vice versa, has been obtained, 
it would seem unwise, on the basis of the present limited evidence, to suggest 
that PGM and PRM are distinct enzymes. 

At equilibrium, a ratio of 38% F6P to 62% G6P was found with PGI. This 
is similar to the following ratios reported by other investigators with PGI 
from widely different sources, namely: 32:68 (35); 40:60 (36); 29:71 (37). The 
pH range for optimum activity of the enzyme was also similar to that reported 
by the above investigators. 
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ELECTRICAL STIMULATION OF THE SYMPATHETIC NERVES 
OF THE ISOLATED RABBIT EAR AND THE FATE 
OF THE NEUROHORMONE RELEASED! 


R. H. Stinson 


Abstract 


The rate of in vivo destruction of exogenous circulating (nor)adrenaline in the 
isolated perfused rabbit ear is so slow as to be negligible. Electrical stimulation 
of the superior cervical ganglion produces a marked constriction of the blood 
vessels in the rabbit ear which rapidly disappears when the stimulation ceases, 
presumably because the neurohormone released has either been locally inactivated 
or washed out by the circulation. 

Direct stimulation of the sympathetic plexus of the artery at the base of the 
isolated ear was found to be quite practical and frequency-response determina- 
tions were made. The response occurred in two parts. An initial ‘spike’ response 


had an optimum frequency of approximately 25 c.p.s. while that of the ‘steady 
state’ response was at 15 c.p.s. 

No evidence of a pressor substance was found in the perfusate after prolonged 
stimulation during recirculation of 4 ml of perfusate even when inhibitors of 
amine oxidase and catechol-O-methyl transferase were used separately. The 
most likely explanations are that either (a) the neurohormone is destroyed 
locally, or (b) it never accumulated in the perfusate above the threshold concen- 
tration of the preparation. In view of the negligible destruction of circulating 
adrenaline in the ear it is suggested that suggestion (b) may be more appropriate. 


Introduction 


Marked physiological changes of brief duration can be brought about by the 
injection into the blood stream of an intact animal of adrenaline or noradre- 
naline. The site of inactivation has not been definitely established. The liver 
and certain other organs are capable of inactivating considerable amounts of 
circulating adrenaline and noradrenaline but even when these organs are 
excluded, in vivo destruction is quite rapid (1, 2). Present evidence suggests 
that the enzyme catechol-O-methyl transferase (3) is responsible for the first 
step in the catabolism of the amines concerned. This enzyme has a wide 
distribution throughout the body (4) and so, in most parts of the body, could 
presumably inactivate the catecholamines concerned. The rate of destruction 
would not, of course, be the same in all tissues. 

Recently we have shown (5) that the rate of in vivo destruction of exogenous 
circulating adrenaline and noradrenaline in the isolated perfused rabbit ear is 
so slow as to be negligible when compared to the over-all disappearance in an 
intact animal. Electrical stimulation of the superior cervical ganglion with 
square wave impulses produces a marked constriction of the blood vessels of 
the rabbit ear (6), which rapidly disappears when the stimulation ceases. Since 

1Manuscript received April 22, 1960. jf 
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circulating noradrenaline is destroyed only very slowly in the rabbit ear the 
question arose as to how the constriction in response to electrical stimulation 
passed off so quickly. 

If there is no local destruction of the locally released noradrenaline it was 
thought that continuous electrical stimulation for several minutes, while a 
very small quantity of perfusate was being recirculated through the rabbit ear 
over and over again, might result in the accumulation in the perfusate of 
measurable quantities of noradrenaline. If this were the case then the rabbit 
ear would show this by remaining constricted, or at least partly constricted, 
even after the electrical stimulation had been stopped. 

This paper describes experiments of this type as well as additional experi- 
ments on the electrical stimulation of the sympathetic fibers to the isolated 
rabbit ear. 


Method 


The general method of preparation is fairly simple and has been described in 
detail (7). Rabbits were anaesthetized with urethane and approximately ? in. 
of the central artery was exposed near the base of the ear, a polyethylene 
catheter inserted, and the ear removed. The blood was washed from the ear 
by forcing phosphate-buffered Ringer’s solution (pH 7.4) through the ear with 
a syringe. The ear was then placed on the outflow end of a constant flow 
(Sigmamotor) pump. A pressure transducer (Statham) was attached to the 
arterial catheter and the “driving” pressure required to maintain the constant 
flow (2.5 ml/minute) was recorded on an ink-writing recorder (Varian). The 
pump delivers a pulsatile flow, the mean value of which is accurately known 
from the calibration of a continuously variable gear on its motor. The output 
is completely independent of the resistance to flow into which it pumps. 

The Ringer’s solution was placed in a funnel which was connected directly to 
the perfusion pump. The funnel was so placed that it caught the effluent from 
the ear and recirculated it through the ear. In this way very small volumes of 
fluid (less than 5 ml) could be used for the constant perfusion of the ear. 

Since addition of blood to the Ringer’s solution is known to prevent the 
in vitro heavy metal catalyzed oxidation of noradrenaline, whole heparinized 
rabbit blood was added to the Ringer’s solution 0.5% by volume. 

A square wave stimulator with separate duration, intensity, and frequency 
controls was used. A portion of the artery containing the catheter, but distal 
to the point where the artery was tied, was placed across the electrodes. The 
electrodes were isolated from the rest of the ear with a small piece of dental 
dam. 

In some cases ‘single passage’ of perfusion fluid was employed, the effluent 
being discarded, not recirculated. Regardless of the type of perfusion to be 
employed the ear was first washed out with ‘single passage’ of perfusate until 
the driving pressure settled down to some constant value. 
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Results 


The first step was to examine the response of the ear to various frequencies, 
voltages, and durations of stimulation. Too thorough dissection of the artery 
leads either to direct damage or rapid deterioration of the plexus. If care was 
taken to leave the artery with as much connective tissue, etc. on it as possible 
the preparations were quite sensitive for periods of up to 1} hours. While 
there were marked variations from ear to ear in the magnitude of response 
(increase in driving pressure) that could be elicited by stimulation it was found 
that the frequency response curves were, on a relative basis, very similar. 

Figure 1 shows the recording made in a typical experiment on the frequency— 
response of the isolated rabbit ear. The response is seen to occur in two parts, 
the initial ‘spike’ response followed by a ‘steady state’ response. The response 
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Fic. 1. Frequency-response experiment: 1.5-v, 12.4-millisecond stimuli of the fre- 
quency indicated. Recording starts at top right and each half reads from right to left. 
Perfusate 0.5% by volume blood in Ringer’s solution with recirculation. 


to adrenaline or noradrenaline added to the perfusate is frequently of a similar 
double nature: The frequency-response of these two parts was somewhat 
different. In the five ears in which this determination was carried out (under 
identical conditions) the ‘steady state’ response always had a maximum value 
at 15.0 c.p.s. and fell off rapidly at higher and lower frequencies. The initial 
‘spike’ response, on the other hand, had a maximum value at a higher frequency 
and fell off rapidly at lower frequencies but not as much at higher frequencies. 
The frequency for maximum initial ‘spike’ response varied from ear to ear 
within a range of 20.5 to 34.0 c.p.s. For very low frequencies the response was 
somewhat modified. The increase in pressure was first fast then slow but there 
was no drop off in pressure immediately after the original fast response (see 
Fig. 1). For these low frequencies the break in the curve where the rapid 
change in slope occurs was taken as the initial ‘spike’ response. The maximum 
increase in driving pressure for the initial ‘spike’ response varied from 63 to 
110 mm Hg while the range for the ‘steady state’ response was 41 to 89 mm Hg. 
Since the maximum ‘steady state’ response for each ear was at 15.0 c.p.s. the 
response at this frequency was taken as the standard for each ear and the 
responses at all other frequencies were calculated as a percentage of this 
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15.0 c.p.s. response. The responses were thus expressed on a relative basis and 
these relative responses were then averaged. The results of this calculation are 
shown in Fig. 2. 


~ Initial Response 


Steady State Response 


x 


Relative Response 





1 1 1 ” 1 1 


16 24 32 40 48 56 64 





Frequency Cycles per Second 


Fic. 2. Frequency-response curves. Average of five ears, treated as in Fig. 1, for both 
initial and steady state responses. 


In several ears the magnitude of the response to stimulation was compared 
with the response to perfused adrenaline. The response to either adrenaline or 
noradrenaline is approximately the same in this preparation (8). The response 
to a stimulation of 1.5 v, 12.4 milliseconds, 15.0 c.p.s. was found to be one-half 
to two-thirds of the response to adrenaline in a concentration of 110-8 g/ml. 
In other words, an ear that is relatively insensitive to electrical stimulation is 
also relatively insensitive to perfused adrenaline. 

Attempts to demonstrate accumulation of a ‘neurotransmitter’, released due 
to the electrical stimulation, while circulating small volumes (usually 4.0 ml) of 
perfusate gave results that were either inconclusive or negative. Figure 3 shows 
the results of typical experiments. In Fig. 3, A, the pressure rapidly fell off, 
after the stimulation (5 minutes) stopped, to a point somewhat higher than 
before stimulation. When the ear was washed out with fresh perfusate in single 
passage the pressure dropped further, indicating that some pressor material was 
probably present. However, when recirculation was started again the pressure 
rose to approximately the same value as before the stimulation was begun. 
The pressure increase of only 15 mm Hg after the stimulation is very slight and 
there is no assurance that a change of equal magnitude would not have occurred 
if the stimulation had not been carried out. Small increases in pressure, after 
stimulation had ceased, were observed on five occasions where stimulation was 
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carried out for periods ranging from 5 to 15 minutes. However, in all cases the 
increases were small, smaller, in fact, than the increase shown in Fig. 3, A. 

On the other hand, on 10 occasions similar experiments (Fig. 3, B) gave no 
increase in pressure after stimulation. In Fig. 3, B the pressure after stimula- 
tion is actually about 10 mm Hg lower. This is probably another indication of 
the slight changes in the base line that occur with time. 


. = Eee : : 

Fic. 3. Prolonged stimulation. Recordings are read from right to left. A and B, with 
recirculation; C, with single passage of perfusate. Recirculation was begun at points 
marked r. Stimulation (in A 1.5 v, 14.7 milliseconds, 10.5 c.p.s. and in B and C 2.3 v, 
14.7 milliseconds, 15.0 c.p.s.) was begun at s and discontinued at x; s.p. represents single 
passage of perfusate. 


Figure 3, C shows the response to the same stimulation as in Fig. 3, B except 


that single passage of perfusate was employed. It can be seen that the re- 
sponses to stimulation are similar for both recirculation and single passage of 
perfusate. The response to perfused adrenaline or noradrenaline is very similar 
to the response to electrical stimulation. 

The response during and after stimulation was essentially unchanged when 
iproniazid, a widely recognized amine oxidase inhibitor, was added to the 
perfusate. The ear was perfused with Ringer’s solution containing iproniazid 
1.0 mg% both during, and for 20 minutes before, stimulation. This was repeated 
with three ears without indicating any accumulation. Pyrogallol was also used. 
This is a competitive inhibitor of catechol-O-methyl transferase (9) but no 
evidence of accumulation of pressor substance was seen even when high con- 
centrations were used. The ear is somewhat more responsive to adrenaline 
(110-8 g/ml) than to electrical stimulation. Since the pyrogallol is a competi- 
tive inhibitor it was used at a molar concentration 100 times that of adrenaline 
of concentration 1X10-® g/ml. As with the iproniazid, the ear was perfused 
with pyrogallol during, and for 20 minutes before, electrical stimulation. 
Neither of these enzyme inhibitors had any effect by themselves. 

The response to stimulation was decreased slightly (10 to 20%) when 
atropine sulphate (1/10* to 1/105) was added to the perfusate. 

Ephedrine hydrochloride (1/10*) had little or no effect on electrical stimula- 
tion and actually decreased (about 50%) the response to added adrenaline. 
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Discussion 

With the in vitro oxidation of catecholamines inhibited by addition of blood 
(or blood components) to the perfusate, the in vivo destruction of these amines 
in the perfused isolated rabbit ear is negligible (5). This suggested that nor- 
adrenaline released at sympathetic nerve endings in response to electrical 
stimulation might not be destroyed locally in the rabbit ear. If this were the 
case, then a small volume of perfusate recirculated through the ear during 
continuous stimulation for several minutes should accumulate a quantity of 
noradrenaline. However, no pressor substance was found in the perfusate. 
If the pressor substance were accumulating then one might expect a slow 
steady increase of pressure during stimulation. However, even when the 
response to a given stimulation was not the maximum response of which the 
ear was capable, there was no long-term increase in pressure during the stimula- 
tion. In addition the pressure, after stimulation was stopped, always dropped 
back very close to the original base line, again indicating against accumulation 
of pressor substance. 

Although the base line is remarkably stable in this preparation when the ear 
is being perfused with Ringer’s solution only, small differences in the base line 
are sometimes noted when the base line before constriction due to adrenaline 
is compared with that after the adrenaline is washed out. Small changes 
(usually increases) of up to 15 mm Hg can occur, especially if the constriction 
has continued for some time. A slight increase in base line, after stimulation, 
then, is not necessarily proof that a neurotransmitter has accumulated unless 
the base line drops still further after the perfusate has been replaced with 
fresh Ringer’s solution. A slight decrease in the base line after stimulation, as 
observed on some occasions, would indicate either a passive change or dilation 
caused by the accumulation of the neurotransmitter. 

There are three possible explanations for the failure to demonstrate accumu- 
lation of pressor substance: (a) the noradrenaline released, when diluted even 
by very small volumes (4 to 5 ml) of perfusate, may be, even after a considerable 
period of stimulation, at a concentration below the threshold concentration of 
the preparation; (6) a local mechanism, which does not affect circulating 
catecholamines, may exist for the local destruction of noradrenaline released at 
the nerve endings in response to stimulation; (c) the neurohormone released 
may not be noradrenaline but some other compound which can be destroyed 
locally. 

There is as yet little evidence in favor of the last suggestion (c), but the 
suggestion should not be dismissed as impossible. The experimental evidence 
suggests that the second suggestion (b) may not be correct. Amine oxidase and 
catechol-O-methyl transferase are the two enzyme systems most frequently 
implicated in the destruction of catecholamines; however, no accumulation of 
pressor substance could be shown when inhibitors of these enzyme systems 
were employed. This evidence rules against the second suggestion but does not 
disprove it since it may be that even with the destroying enzymes inhibited the 
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concentration is still below the threshold of the preparation. It must be 
admitted that we have no direct evidence that the enzyme systems were, in 
fact, inhibited. It is possible, also, that accumulation might have been shown 
if both inhibitors had been used simultaneously. 

However, support for the second suggestion has been provided by the work 
of Brown and Gillespie (10). They measured the output of sympathetic trans- 
mitter from the cat’s spleen and found no effect of iproniazid. However, they 
found greater release of transmitter at low frequencies due to electrical stimula- 
tion following the use of dibenamine. This would be explicable on the ground 
that the dibenamine had prevented the destruction of the transmitter. The 
known effect of dibenamine is to block the tissue receptors for noradrenaline, 
and they concluded that combination with the receptors is a necessary prelude 
to the destruction and removal of liberated noradrenaline. 

The first suggestion (a) seems quite likely to be correct, but lacking a more 
sensitive preparation, there is no way of determining if a subthreshold concen- 
tration of noradrenaline is present. Stimulation for a longer period might give 
greater accumulations but the changes in the preparation, such as decrease in 
response to stimulation, would still lead to negative or inconclusive results. 

Gaddum and Kwiatkowski (11) have reported that ephedrine increases the 
response of the rabbit ear to electrical stimulation of the sympathetic nerves or 
to perfusion with adrenaline. These actions were attributed to the inhibition 
of amine oxidase comparable to the inhibition of choline esterase by serine. 
In our experiments no potentiation of response was found for either electrical 
stimulation or addition of adrenaline to the perfusate. In fact ephedrine actu- 
ally decreased the response to perfused adrenaline. This might be due to 
ephedrine occupying some of the receptor sites. In the Gaddum preparation 
perfusion is via the auricular artery where it leaves the common carotid. Also 
other tissues besides the ear were perfused. Amine oxidase is present in larger 
concentrations in the larger arteries and it may be that Gaddum and Kwiat- 
kowski’s explanation for their results is correct but that the enzyme inhibition 
took place before the blood reached the ear. 

The results as to frequency—response are similar to those of Girling (6). The 
same approximate range of frequencies was found effective by Celander (12) in 
studying the constriction of cutaneous vessels in the paw of the cat. However, 
Celander obtained a greater maximum response with electrical stimulation than 
with perfused catecholamines. We obtained the greater maximum response 
with perfused catecholamines. 

The rabbit ear is richly supplied with arteriovenous anastomoses which act 
as shunts to the capillary flow. It may be that the presence of this double 
system explains the double frequency—-response curves (for initial ‘spike’ and 
‘steady state’ responses). The initial ‘spike’ response might very well represent 
the response of the arteriovenous anastomoses while the ‘steady state’ response 
might be due to the response of the capillary bed. It was thought that atropine 
might help resolve this problem by inhibiting the response of the anastomoses 
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which are partially innervated by cholinergic fibers. However, the effect of 
atropine was slight and not in the least selective. 

While the results of these experiments are not conclusive they do indicate 
that there may not be any system for the local control of adrenergic neuro- 
hormone released due to electrical stimulation. It is therefore suggested that 
extreme caution be used in drawing any parallel between the well-known local 
control of acetylcholine released at cholinergic nerve endings and the local 
control, if any, of the transmitter released from adrenergic sympathetic nerve 
endings. 
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THE ANDROGENIC ACTIVITY OF 11-KETOTESTOSTERONE: 
A STEROID IN SALMON PLASMA! 


D. R. IpLer, P. J. Scomipt, AND JACOB BIELY? 


Abstract 


The androgenic activity of 11-ketotestosterone, which occurs at a high concen- 
tration in the plasma of postspawned male sockeye salmon, has been compared 
with that of testosterone propionate. The potency of 11-ketotestosterone was 58% 
as compared with standard testosterone propionate when a chick comb growth 
assay was employed. 


Introduction 


11-Ketotestosterone was recently isolated for the first time from the blood of 
postspawned male sockeye salmon (Oncorhynchus nerka) where it occurred at a 
concentration of 12 4g/100 ml (1). The physiological significance of this com- 
pound in salmon is not known. If the steroid could be shown to have andro- 
genic activity, the role that it might play in the sexual maturation of salmon 
would be worthy of investigation. 


Materials and Methods 


11-Ketotesterone was synthesized by the bismuthate oxidation of cortisone 
to produce adrenosterone (2, 3), which was then reduced with NaBH, (4). 
Sodium bismuthate (25 g) was added to a solution of cortisone (2.2 g) in 250 ml 


of 50% aqueous acetic acid. The mixture was shaken for 1 hour at 25° C and 
centrifuged. The supernatant was diluted with water to 1 liter and extracted 
with two 1-liter portions of ethyl acetate. The ethyl acetate extracts were 
washed consecutively with 200 ml of each of 5% sodium carbonate, water, 
0.1 N acetic acid, and water. The ethyl acetate was flash-evaporated and the 
residue purified by gradient elution chromatography (5). The adsorbent used 
was Woelm neutral alumina with grade 3 activity. A 4.5-cm (I.D.) column 
was packed to a height of 20 cm by adding the adsorbent (ca. 400 g) as a slurry 
in benzene. The steroid residue was applied to the adsorbent in 10 ml of 
benzene. The reservoir (12 cm O.D.) contained 2 liters of 10% methanol in 
benzene. This was siphoned into the mixing bottle (17 cm O.D.), which con- 
tained 4 liters of benzene. The flow rate was 10 ml per minute. A steroid 
(1.37 g = 75%) was obtained between 1100 and 1600 ml which, when chroma- 
tographed using Whatman No. 1 paper and heptane:benzene 1:1-70% 
methanol, had the R; of authentic U.S.P. adrenosterone. No other ultraviolet- 
absorbing spots were visible. 
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Synthetic adrenosterone (1.37 g) was dissolved in 200 ml of 80% tert-butanol 
(6), 0.120 g of NaBH, was added, and the mixture shaken for $ hour. Acetic 
acid was added dropwise until there was no further bubbling, the mixture 
diluted with 600 ml of water, and the steroid extracted with 3400 ml of 
dichloromethane. The dichloromethane was flash-evaporated and the residue 
subjected to gradient elution with benzene —- 10% methanol:benzene using 
the above described procedure. Fractions were collected and flash-evaporated. 
The residue, which was assumed to be 11-ketotestosterone, appeared after 
1645 ml of solvent was run through the column. The entire residue was con- 
tained in a 200-ml portion of solvent. The residue (20 ug) was treated by paper 
chromatography using the heptane:benzene 1:1-70% MeOH system along with 
synthetic 11-ketotestosterone previously prepared and characterized (1). There 
was only one ultraviolet-absorbing substance from the residue and it had the 
same Ry; as authentic 11-ketotestosterone. The yield of 11-ketotestosterone 
was 0.85 g or 62%. The 11-ketotestosterone used in this study was also purified 
by paper chromatography (1). 

The chick comb weight bio-assay (7,8) was used to determine the biological 
activity of the test material relative to that of crystalline U.S.P. testosterone 
propionate. Each steroid was dispersed in corn oil in four different concentra- 
tions. It was found necessary to warm the oil to ensure solution of the 11- 
ketotestosterone. Equal molar solutions of the two steroids were applied to the 
combs of single comb White Leghorn male chicks for 8 consecutive days 
starting with 2-day-old chicks. The total dosage varied from 12 to 64 ug per 
chick. Each dose had been administered in 0.02 ml of oil to groups of 16 chicks. 
There were no deaths. The chicks were killed 24 hours after the last dose was 
administered and the body and comb weights were determined individually. 
The 12 chicks of each group with the most uniform final body weights were 
selected for the assay. The four chicks which showed the greatest deviation 
from the mean body weight were discarded. Corn oil, without any steroid, was 
also administered to a group of 16 chicks. 


Results 


The average weights of the chick combs according to the dosage of steroids 
applied are presented in Table I. The group of chicks that received corn oil 
without any added steroid had a mean comb weight of 71 mg. These data were 
subjected to statistical analysis by the method of Irwin (9) as applied by 
Pugsley (10). The slopes of the log dosage:response curves were found to be 
98.9 and 102.6 respectively. The equations of the two regression lines were 
calculated and the lines are shown jin Fig. 1 together with the experimental 
points. M, the logarithm of the ratio of the activity of the unknown to the 
activity of the standard, was calculated and the potency of 11-ketotestosterone 
was found to be 57.6% of that of testosterone propionate. The limits of error 
were calculated (p=0.95) and the range of potency was 46 to 73%. 
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TABLE I 


The response of the chick comb to testosterone 
propionate and 11-ketotestosterone 








Mean comb weight (mg) 





Total dosage Log of 
dose 


(mymoles) Testosterone propionate 11-Ketotestosterone 


39.8 1.600 112.7 84.8 
79.7 1.901 134.6 112.7 
133.1 2.124 159.5 140.5 
186.1 2.270 179.6 151.8 
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Fic. 1. Linear relationship between the mean comb weight and the logarithm of the 
dosage of testosterone propionate and 11-ketotesterone. 





Discussion 


Numerous tests have been used for assessing the androgenic activity of 
steroids (11). Activity can be determined by administering the steroid either 
locally or systemically. The comb growth of both capons and chicks has been 
used as a measure of potency. Other assays, such as the rat seminal vesicle test, 
have also been used. Different assay procedures often give different potency 
values. For example, A‘-androstene-3,17-dione had 80% of the activity of 
testosterone by the local capon comb method but had 12% of the activity of 
testosterone by the systemic capon comb method (11). In another case, it is 
reported that testosterone has 42% of the activity of androsterone by the local 
chick comb method (12), while by the local capon comb method it has 179% 
of the potency of androsterone. These data point out the necessity of defining 
the assay method and the test animal used when considering potency values. 

No reference to the biological activity of 11-ketotestosterone has been found 
in the literature. Data on some 11- and 17-ketosteroids are available (7). 
Assuming that androsterone has a potency of 100%, then A‘-androstene-3,17- 
dione is reported to have a potency of 110% by the local chick comb method, 
while A‘-androstene-3,11,17-trione has a potency value of 12%. Thus the 
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addition of an 11-oxygen to a 17-ketosteroid results in a decrease in potency. 
This decrease is much greater than that due to the addition of an 11-oxygen to 
the 17-hydroxylated steroid, testosterone. 

Studies now in progress are concerned with the function of this hormone in 
salmon. 
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SKINFOLD NEUTRAL FAT IN OBESE RATS! 


ELpon M. Boyp 


Abstract r 


Increasing levels of water, phospholipid, and free cholesterol were found 
positively correlated with increasing levels of neutral fat per unit nonlipid dry 
weight of skinfold in albino rats. Increasing levels of skinfold neutral fat were in 
turn positively correlated with storage in skinfold of increasing percentages of body 
neutral fat. These results suggest that storage of neutral fat is an active, primary 
function of skinfold and that the more active this function the greater the per- 
centage of body fat stored in skinfold. Correlation was, in general, greater in 
females than in males. In addition, levels of skinfold neutral fat in females were 
positively correlated with levels of skinfold ester cholesterol. 

> 


Introduction 


The investigation to be described in this report was concerned with measure- 
ment of factors related to the storage of neutral fat in the skinfold depot of 
increasingly obese rats. The factors studied were age, sex, body weight, body 
fat, and levels of water and lipids in the skinfold and residual carcass. It was 
anticipated that a correlation analysis of the data would reveal information 
upon the significance amongst the functions of skinfold of storage of neutral fat. 

Relevant previously published information is available upon storage of 
neutral fat in the genital (1), perirenal (2), and mesenteric (3) fat depots of 
albino rats. Increasing levels of neutral fat per unit nonlipid dry weight in all 
three of these depots was found to be associated with increasing corresponding 
levels of water in the depots. This relationship suggested that storage of 
increasing levels of neutral fat involved storage of increasing levels of water, 
per unit nonlipid dry weight. 

Storage of increasing levels of neutral fat in the mesentery was associated 
with evidence of increasing physiological activity of mesentery as indicated by 
positive correlation with levels of mesenteric phospholipid and free cholesterol. 
The results suggested that storage of neutral fat is a primary function of 
mesentery (3). 

Similar results were reported upon the perirenal fat depots except that there 
was no significant correlation between levels of neutral fat and of phospholipid 
(2). This difference may be taken to indicate that the physiological function 
of the perirenal fat depots is not as closely geared as that of mesentery to the 
storage of neutral fat. In other words, the accumulation of neutral fat in 
perirenal fat depots may not be related primarily to storage of neutral fat. 

In the genital fat depots of female rats, levels of neutral fat were not found 
significantly correlated with levels of phospholipid, nor of free cholesterol (1). 
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In male rats there was positive correlation with levels of free cholesterol. 
Storage of neutral fat did not appear to be the primary function of the genital 
fat depots, especially in females (1). 

In the investigation reported herein, these studies were expanded and ex- 
tended to the skinfold. The term skinfold is used in this report to refer to the 
skin and subcutaneous tissues of the entire rat. The skinfold has been reported 
to hold about half the fat stored in fat depots of rats (4). Measurement of the 
skinfold by calipers, micrometers, or X rays is used as a criterion of body 
fatness (5). 


Methods 


The skinfold was dissected from 110 healthy, albino rats. There were 63 
males and 47 females. Body weight of all rats extended from 150 to 550 g and 
their age from 2 to 18 months. The rats were a Wistar strain which has been 
bred in the animal quarters of the Department of Pharmacology at Queen’s 
University since 1937. They were fed Purina fox chow checkers and water ad 
libitum. 

The hair was clipped from the dissected skinfold. The contents of the gastro- 
intestinal tract were removed and the residual carcass then reduced to an 
homogenate in a Waring blendor. Aliquots of the skinfold and of the homo- 
genate of residual carcass were weighed and analyzed for lipids by oxidative 
methods (6) as modified for use upon tissues (7) and particularly fat depots (2). 
Values for lipids and water were calculated in absolute amounts as g per tissue 
per rat and in levels as g per 100 g nonlipid dry weight of tissue. The statistical 
methods were those of Croxton (8) and Waugh (9). 


Results 


Data upon mean values have been listed in Table I. On the average, the 
concentration of neutral fat in the skinfold of female rats was double that in 
male rats. Otherwise there were no significant mean differences due to sex 
apart from those related to differences in body weight. 

Boyd and Millar (10) reported no significant mean difference between males 
and females for levels of neutral fat per unit nonlipid dry weight of skinfold. 
Their work was performed upon young rats at 2 to 3 months of age. When 
level of skinfold neutral fat was plotted against age, it was found that the sex 
difference appeared only in the older animals. This is indicated in Fig. 1 in 
which regression lines were calculated by the method of least squares. Regres- 
sion of log Y on X had a correlation coefficient of +0.559 in females and 
+0.327 in males. Corresponding correlation coefficients between Y on X were 
+0.488 in females and +0.303 in males. The difference due to sex in regression 
on age shown in Fig. 1 was significant only at P=0.05 by a one-tail Z1—Z2 
test. 

Levels of skinfold neutral fat became similarly greater in females than in 
males with increase in body weight and with increase in concentration of neutral 





BOYD: SKINFOLD NEUTRAL FAT 


TABLE I 


Weight, water, and lipids of the skinfold and residual carcass of 63 male and 
47 female albino rats* 











P (X males 


Measurement equals X females) 


Age in days 189 
Body weight 327 
Skinfold wet weight 63.8 
Skinfold nonlipid dry weight 18.4 
Skinfold water 228 
Skinfold neutral fat 34.7 
Skinfold phospholipid 1.91 
Skinfold free cholesterol 0.481 
Skinfold ester cholesterol 0.154 
Residual carcass wet weight 264 
Residual carcass nonlipid dry 

weight 58.3 
Residual carcass water 267 
Residual carcass neutral fat 20.8 
Residual carcass phospholipid 4.23 
Residual carcass free 

cholesterol 
Residual carcass ester 

cholesterol 0.075+ 0.061+ 
% body neutral fat in skinfold 26.2 + 1.7 27.9 + 


*Weight was measured in g, and water and lipids in g per 100 g nonlipid dry weight. The results are expressed as 
mean + standard error. 
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TABLE II 


Correlation coefficients between the percentage of body neutral fat stored in the skinfold 
(ordinate) and the weight, water, and lipids of skinfold and residual carcass (abscissa) 








Abscissa Correlation coefficient 


Males 


—0.111 
—0.074 
—0.054 





Measurement Units Females 


—0.089 
—0.021 
+0. 236 
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Skinfold ester cholesterol 
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Residual carcass phospholipid 
Skinfold nonlipid dry weight 
Residual carcass neutral fat 


Residual carcass ester cholesterol 
Residual carcass ester cholesterol 


Skinfold ester cholesterol 
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Residual carcass free cholesterol 


Residual carcass phospholipid 
Residual carcass wet weight 
Age of rat 

Residual carcass water 
Skinfold water 


% nonlipid dry wt. 
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% nonlipid dry wt. 
% nonlipid dry wt. 
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g 

g per rat 
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g 
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g per rat 
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Residual carcass nonlipid dry weight g 


Skinfold wet weight 
Skinfold free cholesterol 
Skinfold free cholesterol 
Skinfold phospholipid 
Skinfold phospholipid 
Skinfold water 

Skinfold neutral fat 
Skinfold neutral fat 


g 

% nonlipid dry wt. 
g per rat 

g per rat 

% nonlipid dry wt. 
% nonlipid dry wt. 
g per rat 

% nonlipid dry wt. 


—0.032 
+0.007 
+0.024 
+0.055 
+0.060 
+0.066 
+0.085 
+0.093 
+0.119 
+0. 189 
+0.203 
+0.213 
+0.230 
+0. 242 
+0. 243 
+0.281* 
+0.289* 
+0.338t 
+0. 385 
+0433t 
+0.525+ 
+0. 650+ 
+0.653+t 


—0.006 
.016 
.015 
. 180 
. 267 
.199 
.275 
.211 
171 
. 161 
.259 
.017 
. 267 
.302* 
.215 
.298* 
. 233 
.147 
- 181 
. 285 
-466T 
.460t 
. 509F 





*P (r=0) less than 0.05. 


+P (r=0) less than 0.01. 
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fat in the residual carcass. These results are illustrated in Fig. 1. Correlation 
of all regressions shown in Fig. 1 (except males on body weight) differed from 
zero correlation at the 1% level of significance or less. These results indicate 
that levels of skinfold neutral fat increase with increasing age and body weight 
and with levels of neutral fat in the body and residual carcass. 
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Fic. 1. The regression of levels of skinfold neutral fat upon age, body weight, and 
neutral fat levels in the body and in the residual (minus skinfold) carcass. Regression lines 
for females are indicated by ‘‘F’’ and for males by “M”’. 
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As an index of the ability of the skin to store neutral fat, there was calculated 
for each animal the percentage of body neutral fat which was found present in 
the skinfold. This index was plotted against the abscissal measurements noted 
in Table II and correlation coefficients calculated. The percentage of body 
neutral fat stored in the skin increased in both sexes with increase in the level 
or absolute amount of neutral fat and of water in the skinfold. While there 
were certain other possibilities, as noted in Table II, the ability of the skinfold 
to store an increased percentage Of body neutral fat was definitely related to 
the level of skinfold neutral fat. 

The level of skinfold neutral fat was then plotted against the level of skin- 
fold water, phospholipid, free cholesterol, and ester cholesterol. In each case 
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regression was linear and regression lines are shown in Fig. 2. All correlations 
illustrated in Fig. 2 except ester cholesterol in males differed from zero correla- 
tion at P<0.001. Correlation was significantly more positive in females than 
in males in the case of water and ester cholesterol. 
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Fic. 2. The regression of levels of skinfold neutral fat upon levels of skinfold water, 
phospholipid, free cholesterol, and ester cholesterol. Regression lines for females are indi- 
cated by “F’’ and for males by ““M”’. 


The results illustrated in Fig. 2 indicate that increasing levels of skinfold 
neutral fat are associated with increasing levels of skinfold water, phospholipid, 
and free cholesterol. In females but not in males there was positive correlation 
also with levels of skinfold ester cholesterol. 


Discussion 


The results described above may be taken to indicate that a primary function 
of the skinfold in albino rats is storage of neutral fat. Evidence of increased 
function of skinfold, in the form of higher levels of phospholipid and free 
cholesterol, was associated with increased levels of skinfold neutral fat. In- 
creased levels of skinfold neutral fat were in turn associated with storage in the 
skinfold of a greater percentage of body neutral fat. 

Storage of increasing levels of neutral fat in the genital (1), perirenal (2), 
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mesenteric (3), and skinfold depots has one feature in common, namely that it 
is associated with accumulation of increasing levels of water per unit nonlipid 
dry weight. This feature is not apparent when water levels are reported as a 
percentage of fresh wet weight. 

Otherwise storage of neutral fat appears to follow varying directives in 
different fat depots. Correlation coefficients between levels of neutral fat and of 
phospholipid are highest in skinfold (+0.688 in males, +0.806 in females) and 
lowest in the perirenal depots (2). Corresponding coefficients between neutral 
fat and free cholesterol are highest in males in the perirenal depots (2) and 
lowest in skinfold (+0.554); in females the coefficient in skinfold (+ 0.648) is 
of the same order as in the mesentery (3) and perirenal depots (2) and higher 
than in the genital depots (1). Correlation with levels of ester cholesterol in 
males was insignificant in all four depots with the possible exception of the 
perirenal (2); in females the coefficient was of the same order in skinfold 
(+0.521) as in the perirenal depots (2). In conjunction with other evidence 
noted above, these comparisons suggest, as the simplest explanation, that these 
four depots are geared to store neutral fat in the approximate increasing order 
of genital depots, perirenal depots, mesenteric depot, and skinfold depot. 

On the other hand, it must be kept in mind that variations other than the 
two compared in any correlation analysis were operative and that associations 
may be more apparent than real. For example, the level of skinfold neutral fat 
was positively correlated with age, body weight, and levels of neutral fat in 
residual carcass. The latter three measurements were not, however, correlated 
significantly with percentage of body neutral fat stored in the skinfold. 

Certain interesting differences due to sex have been revealed in these studies 
upon storage of fat in the fat depots. In females, accumulation of neutral fat in 
the genital fat depots appears to be related to some function not primarily 
concerned with fat storage (1). In females but not in males, storage of increased 
levels of neutral fat in the perirenal depot (2) and in the skinfold is associated 
with rising levels of ester cholesterol. With increase in age, body weight, and 
neutral fat levels in residual carcass, skinfold levels of neutral fat become higher 
in females than in males. 
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THE EFFECT OF ACUTE ALCOHOLIC INTOXICATION 
ON ADRENAL ASCORBIC ACID AND CHOLESTEROL 
IN THE RAT! 


CAROLINE CZAJA AND H. KALANT 


Abstract 


Ethyl alcohol, in a dose of 2 g/kg of body weight, caused a significant decrease 
in adrenal ascorbic acid and cholesterol when given to rats by intraperitoneal 
injection, but not when given by stomach tube. Gavage had greater effect on the 
adrenals than did the alcohol itself. Two possible explanations were considered 
for the effect of alcohol given intraperitoneally. First, some of the observed effects 
might be due to pain resulting from the presence of the alcohol in the peritoneal 
cavity. However, prior administration of a local anaesthetic did not modify the 
effect of injected alcohol, suggesting that the alcohol, at the concentration used in 
the experiment (20% v/v), did not act as a pain stimulus. Second, it was thought 
that the effect of the injected alcohol could be explained largely by its much more 
rapid absorption into the blood. Blood alcohol measurements showed that intra- 
peritoneal injection of 2 g of alcohol per kg resulted in a peak concentration of 
over 300 mg% within 2 minutes, in contrast toa peak value of just over 200 mg% 
at 90 minutes after administration of the same dose by stomach tube. This 
explanation was confirmed by the finding of smaller decreases in adrenal ascorbic 
acid and cholesterol after three spaced injections than after a single injection of 
the same total dose of alcohol. Daily exposure to gavage or to intraperitoneal 
injection for 1 month reduced the magnitude of adrenocortical response to these 
manipulations, but did not modify the respective responses to alcohol given by 
these routes. 


Introduction 


It has been reported that ethyl alcohol administered either intraperitoneally 
or by gavage to rats and other experimental animals produces a marked decrease 
in adrenal ascorbic acid and cholesterol, which is interpreted as evidence of 
stimulation of adrenocortical hormone release (1, 2, 3). However, most doses 
of alcohol used in these studies were in the lethal or near-lethal range. The 
effects of such large doses of alcohol on the adrenals are not necessarily qualita- 
tively the same as those produced by lower doses. In the present experiments 
a smaller dose was used in an attempt to assess the effects of alcohol per se, 
rather than effects attributable to circulatory and respiratory collapse that 
possibly resulted from the near-lethal doses, as suggested by the work of 
Klingman et al. (4, 5). 

It seemed possible that some of the effects observed after intraperitoneal 
administration of alcohol might be due to pain resulting from its presence in 
the peritoneal cavity. Therefore a comparison was made of the effects of 
alcohol given intraperitoneally and by gavage, and the modification of the 
effect of intraperitoneal alcohol by a local anaesthetic was studied. In addition, 
rats were subjected to daily administration of water by stomach tube or of 
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saline by intraperitoneal injection, for 1 month prior to the alcohol experiment. 
This was done to assess the possible adrenal effects of stress due to the insertion 
of the stomach tube or to the injection. It was felt that this factor might be of 
greater importance in such experiments than had been recognized previously. 


Procedure 


Pure (95%) ethyl alcohol was diluted to 20% with water for oral administra- 
tion or with saline for intraperitoneal injection. This concentration was chosen 
because it has been shown to result in the most rapid absorption from the 
gastrointestinal tract (6). It also appeared to be non-irritating to the peri- 
toneum, as judged by the appearance at laparotomy. The alcohol was admin- 
istered at a dose of 2 g/kg body weight in all cases. 

Blood alcohol levels were determined after oral and intraperitoneal adminis- 
tration of alcohol. Female albino rats weighing 170 to 260 g were used. Animals 
were decapitated at 0, 3, 13, 23, 43, and 6 hours after they had been given the 
alcohol. Heparin, 200 units in 0.2 ml, was injected prior to decapitation, to 
prevent the blood from clotting. The ethyl alcohol content of the collected 
blood was determined by the microdiffusion method of Feldstein and Klendshoj 
(7). In another series of animals, blood alcohol levels were determined every 
2 minutes for the first 10 minutes, and then every 10 minutes for 1 hour, after 
intraperitoneal injection of alcohol. 

To study the adrenal effects of alcohol, male albino rats weighing 220 to 
310 g were used. They were decapitated 13 hours after administration of alcohol 
or control solution. This time corresponds approximately to the time of peak 
blood alcohol level after a single oral dose. The adrenals were removed immedi- 
ately, dissected free of fat, wrapped in parafilm, and weighed to the nearest 
0.1 mg. The left adrenal was extracted with 10 ml of 4% trichloroacetic acid 
for ascorbic acid determination by Geschwind and Williams’ modification of 
the Roe and Kuether method (8). The right one was extracted with 10 ml of 
glacial acetic for cholesterol determination by the method of Knobil e¢ al. (9). 

To compare the adrenal effects of alcohol after gastric and intraperitoneal 
administration, three main groups of 20 rats each were used. Half of one group 
was given water, the other half alcohol, by stomach tube. The second group 
was also divided, one half receiving saline, the other half alcohol, by intraperi- 
toneal injection. The third was a basic control group, receiving neither gavage 
nor injection. 

Since the insertion of the stomach tube and the injection might be sufficiently 
stressful to induce significant changes in the levels of the two adrenal consti- 
tuents, a group of 40 rats was accustomed to these procedures (‘‘trained’’) for 
1 month prior to the experiment. It,was hoped that any stress effect would thus 
be greatly reduced. Half of the rats were given water by stomach tube daily; 
the other half received saline daily by intraperitoneal injection. On the day 
of the experiment, half the rats in each group were given alcohol, the other half 
the respective control solution. 
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To investigate the possible effect of alcohol as a pain stimulus on adrenal 
ascorbic acid and cholesterol, a local anaesthetic (metycaine) was given intra- 
peritoneally 10 minutes before the injection of alcohol or saline. The dose of 
metycaine was 1 ml of 0.075% solution/100 g body weight. 

In another experiment, to make the rate of absorption of the injected alcohol 
comparable with that following gavage, the dose was divided and given in three 
injections spaced at 0, 30, and 60 minutes. The rats were decapitated 1} hours 
after the first injection. 

Since it was not certain that the time of peak blood alcohol level corresponded 
to the time of peak adrenal response, the effect of alcohol on adrenal ascorbic 
acid and cholesterol was also determined 43 hours after its administration. 
For this experiment, male albino rats weighing 270 to 340 g were used. They 
had been trained for 2 weeks previously. Alcohol and control solutions were 
given intraperitoneally and by gavage, as in the experiments described above. 


Results 


The blood alcohol curves obtained after gastric and intraperitoneal adminis- 
tration of alcohol are shown in Fig. 1. After gavage with alcohol the peak blood 
alcohol level occurred in approximately 13 hours. However, when alcohol was 
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given intraperitoneally, it was absorbed into the blood almost instantaneously, 
the peak occurring within 2 minutes of the injection. Furthermore, the peak 
values were much higher than those found after gastric administration. This is 
probably the explanation for the observation that the rats given alcohol by 
injection appeared much more intoxicated than those given the same dose by 
gavage. They showed almost immediate onset of limpness, stupor, and in- 
co-ordination, whereas rats receiving alcohol by stomach tube merely became 
more relaxed and quiet. 
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The effects of gastric and intraperitoneal administration of alcohol on the 
adrenal levels of ascorbic acid and cholesterol are shown in Fig. 2. Contrary to 
published reports, the insertion of the stomach tube had considerable effect on 
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Fic. 2. Changes in adrenal levels of ascorbic acid (A) and cholesterol (B) 14 hours after 
alcohol administration; c¢ = basic controls, a = stomach tube, b = intraperitoneal injection. 


the adrenals. With the water controls there was a decrease of 45 and 47% in 
adrenal ascorbic acid and cholesterol, respectively (p<0.01). When ethyl 
alcohol was given, it seemed to act as a mild sedative, causing a smaller rather 
than a greater drop in concentration, though the difference did not attain 
statistical significance. Intraperitoneal injection of saline resulted in decreases 
in adrenal ascorbic acid and cholesterol of 27 and 12%, respectively (p<0.01). 
Injection of ethyl alcohol had a much greater effect, causing drops of 44 and 
41% (p<0.01 when compared to basic controls and to saline-injected animals). 

Figure 3 indicates the effect of training on the stress due to the insertion of 
the stomach tube and to the injection. Training resulted in a marked reduction 
in adrenal effects due to gavage. There were decreases of only 23 and 27% in 
ascorbic acid and cholesterol, respectively (p=0.01). Again there was no further 
drop after alcohol administration. After training, the intraperitoneal saline 
controls were significantly different from the basic controls with respect to 
adrenal ascorbic acid (p=0.02), but not cholesterol (p>0.05). On the other 
hand, after injection of alcohol, the trained rats showed the same percentage 
decreases in the levels of both substances as did the untrained rats (p>0.50). 
The results obtained when the same total dose of alcohol was divided into 
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Fic. 3. Effect of training on responses of adrenal ascorbic acid (A) and cholesterol (B) 
to alcohol; a, b, c as in Fig. 2. 
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Fic. 4. Effect of divided alcohol dose and of metycaine on changes in adrenal ascorbic 
acid (A) and cholesterol (B) after injection of alcohol; c = basic controls, b = single injec- 
tion, d = three injections, e = single injection after metycaine. 


three spaced injections are shown in Fig. 4. The same saline control values of 
adrenal ascorbic acid and cholesterol were obtained (p>0.50), but the post- 
alcohol levels were not as low as those found after the single injection. There 
was a significant difference between the 1-injection and the 3-injection groups 
with respect to the cholesterol values (b<0.01) but not those for ascorbic acid 
(p=0.10), although a trend was evident in the latter also. 

The effect of metycaine on the adrenal response to the injection of saline or 
alcohol is indicated in Fig. 4. When the local anaesthetic was used, the concen- 
trations of ascorbic acid and cholesterol did not decrease as much, both after 
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Fic. 5. Changes in adrenal levels of ascorbic acid (A) and cholesterol (B) 44 hours after 
alcohol administration; a, b, c as in Fig. 2. 


saline and after alcohol, as in the unanaesthetized animals. However, there 
was still a significant net decrease (p=0.02) in the levels following alcohol 
administration. It is probable that metycaine afforded some protection, al- 
though it had no effect on the net response to alcohol. 

Figure 5 shows the adrenal levels of ascorbic acid and cholesterol 43 hours 
after gastric and intraperitoneal administration of alcohol or control solution. 
It is apparent that in 43 hours both the ascorbic acid and cholesterol concentra- 
tions were returning to normal. The values in the saline and water control 
groups, as well as those found after administration of alcohol by stomach tube, 
were not significantly different from the values in the basic controls. After the 
intraperitoneal injection of alcohol, the net decrease in ascorbid acid was 
significantly smaller at 43 hours than at 1} hours. Although there was a smaller 
net decrease in cholesterol also, the difference was not significant. This is 
expected, since adrenal cholesterol concentrations usually do not change as 
rapidly as those of ascorbic acid (10). 


Discussion 


Ethyl alcohol, in a dose of 2 g/kg body weight, produced a significant de- 
crease in adrenal ascorbic acid and cholesterol when administered intraperi- 
toneally but not when given by stomach tube. The insertion of the stomach 
tube proved to have a greater effect on the adrenal constituents than did the 
alcohol itself by this route. The alcohol seemed to act as a mild sedative and 
resulted in smaller decreases in asoorbic acid and cholesterol. Training the rats 
by giving them water orally or saline intraperitoneally, daily for 1 month, 
tended to result in smaller decreases in ascorbic acid and cholesterol generally 
but did not affect the respective responses to alcohol. The maximum adrenal 
response occurred within 1} to 43 hours after administration of alcohol. 
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Two possible explanations were considered for the fact that only intra- 
peritoneal administration of alcohol caused adrenal stimulation. First, it was 
thought that some of the effect on the adrenals might be due to pain caused by 
the presence of the alcohol in the peritoneal cavity rather than to the alcohol 
itself. However, when a local anaesthetic was given prior to the injection of 
alcohol, there was no change in the net adrenal response to alcohol, although the 
ascorbic acid and cholesterol were not decreased as much as in the unanaesthe- 
tized animals. This would seem to indicate that the presence of alcohol in the 
peritoneal cavity, at the concentration used in this experiment (20% v/v 
solution), did not act as a pain stimulus. 

The effect of the intraperitoneal injection of alcohol could also be explained 
by the more rapid absorption of alcohol from the peritoneal cavity. The blood 
alcohol curves demonstrated this very rapid and high rise in blood alcohol after 
intraperitoneal administration as compared to the slower and lower rise found 
after oral ingestion of alcohol. It has been shown that both the rate and extent 
of rise of blood alcohol are important in regard to the degree of intoxication 
(11, 12, 13). This was confirmed by the observed behavior in the rats. The 
animals which received alcohol by the intraperitoneal route appeared much 
more intoxicated than those given it orally. Furthermore, it was only in those 
animals exhibiting this profound rapid intoxication that there was evidence of 
any adrenal stimulation. When the same total dose was divided and given in 
three spaced injections, in an attempt to make the absorption rate of the 
injected alcohol comparable with that found after oral ingestion, the adrenal 
response was less marked. Even the divided doses may not have given a slow 
enough rate of absorption, since the effect was still different from that observed 
after gastric administration. It appears, then, that the observed adrenal 
changes are more likely due to secondary effects of profound intoxication (e.g. 
possible circulatory disturbances) rather than to alcohol per se. In other words, 
the adrenal effect is not proportionate to the dose of alcohol at all levels, but is 
seen only when a state of profound intoxication is produced. 

The dose of alcohol used, 2 g/kg body weight, is equivalent to 140 g of 
alcohol in an average man. If the specific gravity of alcohol is taken as 0.8, this 
means 175 ml of absolute alcohol. Assuming whisky to be 40% alcohol, this is 
equivalent to 430 ml of whisky in one dose. Even this, the most modest dose in 
any of the reported experiments, is far in excess of the rate of consumption by 
any drinker, except perhaps a suicidal one. It is extremely improbable, then, 
that such blood alcohol curves as those seen in rats after intraperitoneal injec- 
tion of alcohol could ever be achieved after oral ingestion. Although there is 
some degree of species variation in sensitivity to alcohol in terms of lethal doses 
(14), studies at lower doses show that signs of intoxication appear in rats at 
blood alcohol levels of about 100 mg/100 ml, not far remoyed from those levels 
which produce similar degrees of intoxication in man (15). It is therefore 
evident that acute non-lethal intoxication by alcohol given via the upper 
gastrointestinal tract, whether in rats or in humans, is most unlikely to cause 
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adrenal cortical stimulation. This does not rule out the possibility that chronic 
(i.e., prolonged or repeated) intoxication may act as an adrenocortical stimulus, 
but the point must be established by direct investigation and not by unjustifi- 
able extrapolation from presently available experimental results. 
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CARDIOVASCULAR CHANGES IN NON-SENSITIZED 
RATS CHRONICALLY TREATED WITH 
2-METHYL-9-FLUOROCORTISOL' 


P. Bots,? MARGARET BEzNAK, AND G. JASMIN? 


Abstract 


2-MethyI-9-fluorocortisol was injected into intact rats in the absence of NaCl 
dietary supplements during 8 months. All animals became hypertensive and 
developed myocarditis, nephrosclerosis, and periarteritis nodosa. There were 
marked cardiac hypertrophy and arteriolosclerosis of the coronary arteries. Eva- 
luation of the basic and maximum work capacity of the heart revealed that the 
myocardium was functionally equivalent in the control and treated animals. 
Consequently, sensitization by the intake of large amounts of NaCl is not indis- 
pensable for the production of hypertension and cardiovascular lesions with 
2-methyl-9-fluorocortisol. In addition, as revealed by the cardiac function tests 
used, there is no strict parallelism between histologic and functional impairment 
of the heart. 


Introduction 


2-Methyl-9-fluorocortisol is a synthetic corticosteroid with predominant 
mineralocorticoid activity (1). It proved to be more than 100 times as active as 
desoxycorticosterone in producing renal and cardiovascular lesions when in- 
jected into rats sensitized by dietary sodium chloride supplements and uni- 
lateral nephrectomy (2). 

Except for a few reports with relevant data on non-sensitized rats (3, 4, 5, 6), 
most studies of the hypertensive cardiovascular disease produced with mineralo- 
corticoids have been made in animals on a high sodium intake (3, 6, 7, 8, 9, 10, 
11). Under these conditions, it is difficult to dissociate the effects of the steroid 
from those of the sodium, especially since the prolonged intake of large amounts 
of NaCl is sufficient in itself to produce hypertension and cardiovascular lesions 
(12, 13). In the present experiment, the effect of 8 months’ treatment with 
2-methyl-9-fluorocortisol was investigated in the intact rat. No sodium chloride 
supplement was given. Tests were also carried out to evaluate the functional 
state of the hearts of the treated animals. These consisted of determining the 
cardiac output and the maximum work-load of the heart, as previously de- 
scribed by one of us (14). The objective was to reproduce hypertensive cardio- 
vascular lesions with 2-methyl-9-fluorocortisol in the absence of sensitization 


1Manuscript received September 21, 1960. 

Contribution from the Department of Histology and Embryology, and the Department of 
Physiology, University of Ottawa, Ottawa, Ontario, and the Département d’Anatomie Patho- 
logique, Université de Montréal, Montreal, Que. : 

2Present address: Département de Pharmacologie, Université de Montréal. 

3Medical Research Associate of the National Research Council, Ottawa, Canada. 


Can. J. Biochem. Physiol. Vol. 39 (1961) 








336 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


procedures and to appraise the chronic effect of the synthetic corticosteroid on 
the heart function. 


Methods 


Two groups of 10 female Holtzman Sprague-Dawley rats, average body 
weight 60 g (range 55 to 62 g), were used. They were fed Purina Fox Chow ad 
libitum and had free access to tap water. One group was treated subcutane- 
ously with 2-methyl-9-fluorocortisol acetate, the initial daily dose of 10 ug in 
0.2 ml of physiologic saline being increased by 10 xg every month until the 
fifth month when the dose of 50 ug was reached ; the dose was maintained at this 
level until the end of the experiment. Controls were injected with the same 
volume of saline only. The treatment was stopped after 8 months and cardiac 
function tests (14) were performed in six rats of each group. Cardiac output 
was measured by cardiac catheterization, on the basis of the direct Fick 
principle. Oxygen content of the blood was determined by the micromethod of 
Roughton and Scholander (15). Blood pressure was measured in the carotid 
artery with a Hathaway gauge and photographic recording. The heart was 
loaded by infusing polyvinylpyrrolidone (PVP) into the right heart through a 
cardiac catheter (14). Total peripheral resistance (TPR) and work of the heart 
were calculated from output and blood pressure, determined before and at 
regular intervals during’ PVP infusion. The animals were killed and the heart, 
aorta, kidney, and mesentery were dissected and fixed in Susa solution or 
neutral formalin for histologic studies. A few specimens of brain, skeletal 
muscle, and adrenals were also taken. Since infusion with PVP damaged the 
finer histologic structures slightly, two rats per group were killed without being 
infused. Paraffin sections were stained with hematoxylin—phloxine—-orange, the 
periodic acid — Schiff reagent of McManus-Hotchkiss, and Gomori’s aldehyde- 
fuchsin. During the experiment, blood pressure determinations were made 
twice monthly, using the cuff method of Friedman and Freed (16). Daily fluid 
and food intake were registered. 


Results 


Fluid intake, which served to indicate polyuria, increased progressively in the 
treated group. During the last 60 days of the experiment, the rats receiving 
2-methyl-9-fluorocortisol drank an average of 58 ml each daily, compared with 
40 ml in the control group. The difference in food intake between the two 
groups was very small during the first 3 months. A slight increase was noted 
thereafter in favor of the treated group. During the last 2 months, each treated 
rat ate an average of 18 g of Purina daily, while the controls consumed 17 g. 

One treated rat died after 7 months and another after 8 months, both with 
severe nephrosclerosis, ascites, and periarteritis. 


Histologic Study 


The severity of the pathologic changes was graded according to an arbitrary 
scale of 0 to +++-+ as shown on Table I. 
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Heart 

Mycoardial fibrosis was seen, regularly, at the base of the heart and, occasion- 
ally, in the interventricular septum of the treated animals. The fibrosis was not 
accompanied by any macrophage reaction; on the other hand, some cellula: 
infiltration with fibrosis was seen in four of the control animals. Lesions of the 
coronary vessels were present only in the 2-methyl-9-fluorocortisol-treated rats. 
They involved the intima and media, representing various phases of arteriolo- 
sclerosis (Fig. 1). 
Kidney 

Kidneys in the treated group presented a spotty surface and adhesive 
capsule. Histologic examination (Fig. 2) revealed dilatation and hyalinization 
of the glomeruli; the related arterioles showed lesions of hypertensive arteriolo- 
sclerosis and arteriolonecrosis. The basement membranes of the tubules were 
thickened and strongly PAS-positive. Numerous hyaline casts were also 
present in the dilated tubules. However, the so-called venous cushions pre- 
viously reported to occur in sensitized rats treated with 2-methyl-9-fluoro- 
cortisol (2) were not seen in the present experiment. 


Vessels 

Lesions of periarteritis nodosa were present in all the treated animals, being 
especially severe in the mesentery. Vascular lesions were also seen in the brain, 
skeletal muscle, adrenals, and gastrointestinal tract, as well as in the heart and 
kidney. 
Functional Tests 

The results of the functional tests are summarized in Table II. There was a 
significant cardiac hypertrophy of 42% in the rats with 2-methyl-9-fluoro- 
cortisol. This hypertrophy was mainly due to an enlarged left ventricle (64%), 
but the right ventricle was also significantly bigger (23%), as can be deduced 
from the differences in heart and ventricle weight (Table II). Blood pressure 
readings taken with the tail-cuff method showed a regular increase in the 
treated rats, being 142+2.3 mm Hg after 5 weeks as compared with 110+4.3 
mm Hg for the control group. After 5 months, blood pressure reached 182 + 6.4 
mm Hg in the treated group; controls were at that time 113+2.8 mm Hg. The 
final blood pressure (Table II), measured with the Hathaway gauge, was high 
even in the control group: 183/153 mm Hg. The hypertension was, however, 
much more pronounced in the treated group: 264/212 mm Hg. The hyper- 
tension seemed to be due to an increase in both TPR and cardiac output. Both 
were higher in the 2-methyl-9-fluorocortisol group; however, due to the greater 
scatter of the six determinations the difference was not significant. The work 
done by the heart before PVP infusion, i.e., basic work, was greater in the 
treated group, whether expressed as systolic work or as minute work. Similarly, 
the enlarged heart of the treated rats did significantly more work during PVP 
infusion than the heart of the control group. On the other hand, if the size of 
the heart was taken into consideration, no significant difference existed between 
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TABLE II 
Effect of 2-methyl-9-fluorocortisol on cardiac output and work in the non-sensitized rat 














Control 2-Me-F-cortisol F 

Body weight, g 264 +77 269 + 14 
Heart weight, mg 802 +59 1240 +124 .001 
Left ventricle weight, mg 561 +35 922 +114 0.001 
Right ventricle weight, mg 190 +20 234 + 24 0.01 
Systolic pressure, mm Hg 183 + 6 264 + 35 0.001 
Diastolic pressure, mm Hg 153 +4 212 + 33 .001 
Peripheral resistance 10% dynes 

sec cm=5 255 +67 293 +124 
Cardiac index, liter/min/sq.m, 1.76 + 0.42 2.21 + 0.59 
Basic systolic work, 10~* kg 

meter 3.35 + 0.9% 5.0 + 1.3 0.05-0.02 
Maximum systolic work 10~ kg 

meter 9D + 2.06 13.9 + 3.05 0.02 
Basic work/min, kg meter 0.119+ 0.032 0.210+ 0.054 0.001 
Maximum work/min, kg meter 0.328+ 0.047 0.526+ 0.148 0.01 
Basic work/min/g left ventricle 

kg meter 0.211+ 0.053 0.226+ 0.041 
Maximum work/min/g left 

ventricle kg meter 0.583+ 0.091 0.579+ 0.168 





the two groups. In other words, if the work was expressed per minute and per 
gram of left ventricle, the basic work and the maximum work done during 
infusion were the same in both cases. 


Discussion 


The mean blood pressure of the control group measured in the carotid artery 
at the end of the experiment was elevated; a few foci of myocarditis were also 
seen in the untreated rats. These changes, which were much less impressive 
than those observed in the animals injected with 2-methyl-9-fluorocortisol may 
be ascribed to the aging of the rats. Simms and Berg (17) have shown that 
renal and cardiovascular lesions may develop progressively with age in the male 
rat. In this laboratory, untreated female rats kept on Purina Fox Chow and 
killed at the age of 15 or 17 months had blood pressures of 177/142 mm Hg, 
as recorded with the Hathaway gauge; they also showed slight myocardial 
fibrosis and nephrosclerosis graded as + (18). 

The sensitizing effects of sodium and unilateral nephrectomy in the produc- 
tion of cardiovascular lesions with 2-methyl-9-fluorocortisol are obvious when 
the present results are compared with those obtained in uninephrectomized 
rats given excess sodium (2). In the latter case, lesions developed in less than 
a month and were accompanied by edema, pleural effusion, and ascites. In 
another experiment, when rats were sensitized only by unilateral nephrectomy, 
2-methyl-9-fluorocortisol produced cardiovascular and renal lesions after 3 
months (19). Similar changes have also been induced in the monkey with the 
same steroid (20). Gornal et al. (10), using a much smaller dose of 2-methyl-9- 
fluorocortisol than the one used in the present experiment, observed a rise of 
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blood pressure over a period of 3 to 6 months in rats receiving 0.5% saline as 
drinking fluid; very little renal change has been produced with such low 
dosage. 

In rats treated with 2-methyl-9-fluorocortisol the food intake increased 
progressively, parallel to the fluid intake; thus, these animals absorbed a 
slightly higher quantity of sodium daily. It is dubious, however, if this small 
increase in sodium consumption exerted any effect, since it appeared at a time 
when the hypertension was already established. In any event, the influence of 
abnormally high loads of sodium chloride cannot be considered as the primary 
cause of the pathologic changes produced in the present experiment. The 
concept favored by Crane and Ingle (21) that sodium chloride toxicity is 
immediately responsible for the hypertensive vascular disease observed in rats 
treated with adrenal steroids would not apply in the case of 2-methyl-9- 
fluorocortisol. 

The production of hypertension with 2-methyl-9-fluorocortisol should not 
be attributed exclusively to the mineralocorticoid activity of the steroid, since 
the compound also possesses glucocorticoid properties (1). Moreover, cortisone 
alone may elicit hypertension, especially in the absence of sodium-sensitization, 
although in this instance, renal and vascular lesions are absent (22). 

The load put on the heart by such prolonged treatment with 2-methyl-9- 
fluorocortisol is shown by the severe hypertension and the resulting marked 
cardiac hypertrophy. It is very noteworthy, however, that no apparent func- 
tional impairment could be detected by the present method, especially in view 
of the extensive lesions of the coronary arteries. The heart became enlarged 
and could, therefore, maintain a much higher blood pressure. Moreover, the 
enlarged heart did not seem to have a smaller reserve than a normal heart, 
because when forced to do more work, it could raise its working capacity 
considerably. The cardiac performance, when calculated per unit of left 
ventricular weight, was found to be the same in hypertrophied as in normal 
hearts. This would indicate a functionally equivalent mycocardium in both 
groups. Yet, there were severe changes in the cardiac arteries of the 2-methyl- 
9-fluorocortisol-treated rats and no lesions in the controls. 

On the basis of these experiments, it may be concluded that the heart of the 
rat operates with a much wider margin of safety than is generally supposed. 
The second conclusion is that there is no strict parallelism between histologic 
and functional impairment of the heart. 
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POSTSYNAPTIC EFFECTS OF HC-3 AT THE NEUROMUSCULAR 
JUNCTION OF THE FROG! 


A. R. MARTIN AND R. K. ORKAND? 


Abstract 


Intracellular recording from single muscle fibers has been used to study the 
effects of hemicholinium No. 3 (HC-3) on neuromuscular transmission in the 
excised m. ext. 1. dig. IV of the frog. Concentrations of HC-3 greater than 10-* M 
decreased the amplitude of the end-plate potentials (e.p.p.’s) and the magnitude 
of the depolarization produced by iontophoretic application of acetylcholine. 
Neither a decrease in e.p.p. quantum content nor depolarization of the end plate 
accompanied the decreased e.p.p. amplitude. The duration of the potential 
produced by the application of ACh was increased and the falling phase of the 
e.p.p. prolonged. 10-* M HC-3 produced a marked change in the shape of the 
e.p.p., the effect being similar to that produced by procaine. 

Hemicholinium No. 3 (HC-3) is characterized structurally by two choline 
moieties, each incorporated into a six-membered ring by hemiacetal formation. 
Schueler (1) classified the compound as a respiratory depressant and suggested 
that it might interfere with cholinergic mechanisms. Subsequently it was 
shown to reduce acetylcholine (ACh) synthesis in perfused sympathetic 
ganglia and minced brain and to interfere with choline transport in avian 
kidney (2, 3). These results are consistent with the hypothesis that HC-3 
interferes with ACh synthesis by inhibiting the transport of choline to its 
intracellular site of acetylation (4). Reitzel and Long (5) demonstrated that 
HC-3 produced neuromuscular block during prolonged repetitive nerve stimu- 
lation in vivo, provided the frequencies of stimulation were greater than 
1/second. This block was ascribed to inhibition of ACh synthesis. 

The experiments to be reported here show that HC-3 has a postsynaptic 
blocking action at the neuromuscular junction which cannot be related directly 
to inhibition of ACh synthesis. A preliminary report of the results has appeared 
elsewhere (6). 


Methods 


The usual techniques were employed for intracellular recording of end-plate 
potentials (e.p.p.’s) and for the production and recording of electrotonic 
potentials (7). The m. ext. |. dig. IV of the frog (Rana pipiens) was dissected 
with its motor nerve supply intact and immersed in Ringer’s solution of the 
following composition: 115 mM NaCl, 2.01 mM KCl, 1.81 mM CaCle. Neuro- 
muscular block was produced either by adding 0.5-3.0X 10-* M d-tubocurarine 
chloride (DTC) or by replacing part of the NaCl with an osmotically equivalent 
amount of MgCls. Concentrations of 8-12 mM MgCl were required to reduce 
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the end-plate response to below threshold for the initiation of a propagated 
action potential (8). To avoid effects of fatigue, nerve stimulation was re- 
stricted in frequency to fewer than six shocks per minute. In some experiments 
ACh was applied to the end-plate iontophoretically following the method 
described by Castillo and Katz (9). The muscle chamber held a volume of 
approximately 2 ml. Bathing solutions were changed by washing in at least 
25 ml of fresh solution and sucking out the excess with a water filter pump to 
maintain a constant level. All experiments were performed at room tempera- 
ture (20—23° C). 


Results 


The effects of HC-3 in concentrations of 1X10~-* to 5X10~* M were studied 
in both curarized and magnesium-treated preparations. Concentrations of less 
than 10-* M produced no demonstrable change in the size and shape of the 
e.p.p.’s or in the amplitude and frequency of the spontaneous miniature e.p.p.’s. 
Greater concentrations had marked effects on e.p.p. amplitude and time course 
as illustrated in Figs. 1 and 2. All reported effects were fully reversible. 

The three e.p.p.’s in Fig. 1A were recorded from a junction blocked with 
2.810-* M DTC. The records in B were taken from the same end plate after 
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Fic. 1. Effect of HC-3 on e.p.p. amplitude and time course in a fiber in which neuro- 
muscular transmission was blocked by the addition of DTC to the bathing solution. In 
each column the first record is the largest, the second the mean, and the third the smallest 
of the series from which they were taken. A: e.p.p.’s recorded from a junction blocked 
with 2.8 X10-* M DTC. B: records from the same end plate after the addition of 5X10-* M 
HC-3 and reduction of DTC concentration to 0.7 X10-* M. Note reduction in amplitude 
and prolongation of falling phase. 

Fic. 2. Records obtained as in Fig. 1 from a single end plate blocked with Mg before 
and after the addition of HC-3. In A, Mg concentration was 8 mM; in B, Mg concentration 
was unchanged and 3 X10-* M HC-3 added to the bath. 
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the addition of 5X10-* M HC-3 and reduction of the DTC concentration to 
0.7X10-* M. In spite of the reduction in DTC concentration the amplitude 
of the e.p.p. is reduced and its falling phase greatly prolonged. In both A and 
B the first record is the largest, the second the mean, and the third the smallest 
of the series from which they were taken. Figure 2 shows a similar effect of 
HC-3 on e.p.p. amplitude and time course in a preparation in which trans- 
mission was blocked with Mg. Although the number of e.p.p.’s in each series 
was small (20—50) an estimate of the coefficient of variation of the amplitude 
distribution was obtained. This is a measure of the variation in amplitude of 
successive e.p.p.’s in a series and is given simply by the standard deviation 
divided by the mean. An increase in the coefficient of variation would indicate 
a decrease in the mean quantum content of the e.p.p. (10, 11). As suggested 
by the figures, the relative spread of the amplitudes and hence the coefficient 
of variation appeared unchanged by the addition of HC-3, indicating that the 
decrease in e.p.p. amplitude was due to a postsynaptic action of the compound. 
This was confirmed in one experiment in which 200 e.p.p.’s were recorded at 
15-second intervals from a synapse blocked with 8 mM Mg both before and 
after the addition of 10-* M HC-3. Although the mean amplitude of the e.p.p.’s 
was approximately halved in the presence of HC-3 the quantum content 
remained unchanged (Table I). 


TABLE I 


Effect of HC-3 on amplitude and mean quantum content of e.p.p. In row A, 
end-plate potentials were recorded from a junction blocked by the addition 
of 8 mM Mg to the bathing solution. In B, a second series of potentials was 
recorded from the same junction with the Mg concentration unchanged and 
10-* M HC-3 added to the bath. # is mean e.p.p. amplitude; , number of 
potentials recorded; C.V., coefficient of variation of the amplitude distri- 
bution; #7, mean number of units making x the e.p.p., calculated from the 
relation m = 1/C. 








0 (mv) n .V. 
A 6.3 200 3.96+.20 
B 3.1 200 3.85+.19 








Further confirmation that the reduction in amplitude was due to a post- 
synaptic action was obtained by examining simultaneously the effect of HC-3 
on the e.p.p. and on the ‘ACh potential’ produced by iontophoretic application 
of ACh to the end plate from a micropipette. The results of one such experi- 
ment are illustrated in Fig. 3. All records were taken with a Mg concentration 
of 10.5 mM. In the first control the e.p.p. amplitude was about 4 mv and the 
amplitude and duration of the current pulse through the ACh electrode was 
adjusted to give an ACh potential of similar magnitude (currents used were 
of the order of 5X 10-7 amp for about 5 mseconds). When 10-4 M HC-3 was 
added to the bath there wasa slight reduction in the amplitudes of both potentials. 
In addition, the durations of both the ACh potential and the falling phase of the 
e.p.p. were prolonged. On washing out the HC-3 both potentials returned to the 
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Fic. 3. E.p.p.’s (first column) and ACh potentials (second column) recorded from a 
single junction blocked with 10.5 mM Mg. Each record is the mean of the series from 
which it was taken. Note reduction in amplitude of both potentials and prolongation of 
ACh potential as HC-3 concentration is increased. 


original size and time course. Increasing the HC-3 concentration to 510-4 M 
produced a more marked reduction in the amplitude and a greater effect on the 
time course of both potentials. The results of three such experiments are 
summarized in Table II. In each case the reduction in amplitude of the e.p.p. 
is similar in magnitude to that of the ACh potential. 


TABLE II 


Effect of HC-3 on amplitudes of e.p.p.’s and ACh potentials recorded from 
three fibers. 5, mean e.p.p. amplitude; 7, mean ACh potential amplitude 














Control HC-3 % reduction 

Fiber 5 (mv) V (mv) Concn. (M)_ #6 (mv) V (mv) 7] V 
1 6.1 4.1 1x10-4 5.4 3.5 11 15 

1 6.1 4.1 5x10 2.4 1.8 60 56 

2 6.6 2.5 1x<10-4 3.8 1.4 43 44 
3 5.1 2.5 3X10-4 t.2 0.6 76 76 





The effects of the compound on the spontaneously occurring miniature 
e.p.p.’s were also consistent with a postsynaptic action. Concentrations greater 
than 5X10-* M HC-3 rapidly abolished the miniature potentials recorded in 
normal Ringer’s solution. Slightly lower concentrations gradually depressed 
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their mean amplitude into the base-line noise over a period of a few minutes. 
During this period there was no change in frequency except for an apparent 
reduction which could be shown to be secondary to the decrease in amplitude. 
Before concluding that the action of HC-3 is at the end plate it is necessary 
to show that it does not have a more general action on the muscle fiber mem- 
brane. For example, the observed reduction in e.p.p. amplitude might be due 
to a decrease in membrane resistance. This possibility was tested by inserting 
a second microelectrode into the muscle fiber and passing rectangular current 
pulses through the membrane. The resulting electrotonic potentials were 
recorded before and after the introduction of HC-3 into the bath. For purposes 
of illustration e.p.p.’s were recorded simultaneously, as shown in Fig. 4. 
Although the concentration of HC-3 used was sufficient to reduce the amplitude 
of the e.p.p. by about 40% there was no effect on the electrotonic potential, 
indicating that the passive electrical properties of the fiber were unaltered. 


“ 


50 msec 
Fic. 4. Effect of HC-3 on e.p.p. and electrotonic potential. (A) Neuromuscular trans- 

mission blocked with 7 X 10-7 M DTC, electrotonic potential produced by passing 4.5 X 10-* 

amp through the membrane. Electrode separation 45 ». (B) 10-* M HC-3 added to bath. 

All other conditions unchanged. E.p.p. amplitude is reduced, electrotonic potential 

unaltered. 

Figure 5 illustrates in greater detail the change in shape of the e.p.p. pro- 
duced by HC-3. In most cases the rate of rise of the potential was unchanged, 
but because of the decreased amplitude the time to peak was reduced. Fre- 
quently, as shown in the illustration, the rise to peak was followed by a brief 
and rapid repolarization before the prolonged decline to normal resting poten- 
tial. On other occasions the rapid phase of repolarization was absent (Figs. 1 
and 2). The presence of this phase may depend on the recording electrode 
being precisely located at the end-plate focus (12). 

In contrast, the ACh potentials showed a prolongation of both the rising 
and falling phase in the presence of HC-3 (Fig. 3). Such a prolongation might 
be expected if there were slight movements of the ACh electrode when the 
solutions were changed. However, controls were always run both before and 
after bathing in HC-3 and in every case the time course of the ACh potential 
returned to normal when the HC-3 was removed. 
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& 8 


SOmsec 


Fic. 5. Effect of HC-3 on e.p.p. shape. (A) Upper record: transmission blocked with 
1.4X10-* M DTC; lower record: 10-* M HC-3 added to bath, DTC concentration un- 


changed. (B) Superimposed tracings of records in A to illustrate shape change in greater 
detail. 


Discussion 


The experiments reported here clearly demonstrate the postsynaptic action 
of HC-3 at the neuromuscular junction of the frog. Similar results have been 
obtained at the mammalian neuromuscular junction (V. B. Brooks and R. 
Thies, personal communication). These results are not in conflict with previous 
reports that the principal action of the compound is on ACh synthesis (2, 3, 4). 
It is not likely that inhibition of ACh synthesis at the nerve terminals, if it 
occurs in the frog, would have been demonstrated by the present experiments 
since the low frequencies of stimulation would not be expected to deplete ACh 
stores during the period of an experiment (2-4 hours). This would be especially 
true of the magnesium-treated preparations. 

On the other hand a presynaptic action of HC-3 at the neuromuscular 
junction has yet to be demonstrated. The experiments of Reitzel and Long (5) 
showed that HC-3 produced a loss of twitch tension in mammalian muscle 
in vivo which was dependent on frequency of stimulation of the motor nerve. 
However, any results obtained without direct recording from the motor end 
plate or, alternatively, recording the output of ACh from the motor nerve must 
be interpreted with caution. As pointed out by Reitzel and Long, their results 
are identical with those obtained by Preston and Van Maanen (13) with a 
variety of postsynaptic blocking agents. Similarly their demonstration that the 
blocking action of HC-3 may be antagonized by choline does not distinguish 
between a presynaptic and postsynaptic action. Hutter (14) has shown the 
ability of choline to relieve neuromuscular block produced by curare. 

While some of the changes in shape of the potentials may be due to the weak 
anticholinesterase action of the compound (1), its effect on the e.p.p. shape 
bears more resemblance to that of procaine (12). However, the prolongation of 
the rising phase of the ACh potential produced by HC-3 apparently is not seen 
with procaine. This difference may or may not be significant, since the effect 
on rise time may well be dependent on the precise location of the ACh electrode 
with respect to the end-plate receptors. Similarly, the different effects of HC-3 
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on the shapes of the e.p.p. and the ACh potential do not necessarily indicate 
a difference in mechanism since the mode of application of the transmitter to 
the end plate is markedly different in the two cases. 
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ORAL PROPHYLAXIS FOR ANTICHOLINESTERASE POISONING' 


I. W. CoLeman, P. E. LITTLE, Anp G. A. GRANT 


Abstract 


A method of protection against poisoning by cholinesterase inhibitors involving 
the use of N-methyl pyridinium-2-aldoxime methanesulphonate (P-2-S) orally, 
prior to exposure to the anticholinesterase agent, in combination with intra- 
muscularly administered atropine sulphate after exposure, has been examined. 
In rats poisoned with O,O-diethyl S-2-diethylaminoethyl phosphorothiolate 
(DSDP), the treatment permitted survival from a dose of 28 times the LDso in 
untreated animals. The protection given by oral P-2-S lasts for an extended 
period of time decreasing to one half the maximum value in about 4 hours. Mice, 
guinea pigs, and rabbits so treated demonstrated a high tolerance to DSDP but of 
lower order than the rat. Treatment with oxime and atropine afforded protection 
to mice and rats exposed to paraoxon, vinylphosphate, isosystox, DFP, TEPP, 
and eserine, but was relatively impotent against sarin, tabun, and schradan. The 
possible application of this mode of treatment to human exposures to anti- 
cholinesterase agents is discussed. 


Introduction 


In the presence of atropine sulphate, N-methyl pyridinium-2-aldoxime 
methanesulphonate (P-2-S) has been shown by Davies, Green, and Willey (1, 2) 
to be efficient in the treatment of poisoning by organophosphate esters. Appli- 
cation of the oxime reactivator before exposure to sarin (isopropylmethyl- 
phosphonofluoridate) and TEPP (tetraethylpyrophosphate) in all of the 
animals examined produced higher protection than administration after expo- 
sure. These results suggest the feasibility of supplying a form of prophylaxis 
for nerve gases which might be applicable to man. However, for such use, 
intramuscular injection of P-2-S and atropine (as Davies et al. suggest) is 
unlikely to be widely applicable. Substantial protection against an organo- 
phosphate irihibitor could last only about 2 hours after an intramuscular dose 
of 30 mg/kg of P-2-S due to the rapid excretion and metabolism of this oxime 
(1). Moreover, the effects of atropine sulphate at the recommended dosage of 
2.0 mg per man have been shown by Grob (3) to be sufficiently severe to in- 
capacitate, particularly under tropical conditions. 

In this report a prophylactic procedure designed to overcome these objections 
partially has been examined in test animals employing a variety of anti- 
cholinesterase compounds. In this method P-2-S was administered orally while 
atropine dosage was withheld until after exposure had taken place. 


Methods 
The effectiveness of treatment procedures was assessed by determining the 
dosage of anticholinesterase agent required to kill 50% of a group of test 
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animals under treatment, LDs (¢), and comparing this value with the toxicity 
of the agent in a group of untreated control animals, LD5 (wu). The protective 
index is defined as 

~ LD=(2) ane 

~~ LDso(u) 

Toxicity values were calculated according to the procedure of Litchfield and 
Wilcoxon (4). Oral dosage of drugs to rats and guinea pigs was given with a 
3-in. ball-tipped needle using a constant volume of 20 ml/kg. For mice a 2-in. 
No. 20 needle tipped with polyethylene tubing was used and a volume of 40 
ml/kg applied. Rabbits were fitted with a mouth gag and dosed by a rubber 
catheter with a volume of 0.5 ml/kg. Atropine was administered in aqueous 
solutions made fresh daily. Volumes of injected atropine for intramuscular use 
were 4.0 ml/kg in the mouse, 1.0 ml/kg in rat and guinea pig, and 0.5 ml/kg in 
the rabbit. Anticholinesterase agents were administered subcutaneously in 
saline solution. Volumes not exceeding 50 microliters in any case were applied 
with an Agla syringe. Since the time of injection was short, all injections can 
be considered practically instantaneous. 

The majority of the work was performed with a member of the organophos- 
phorothiolate cholinesterase inhibitors, O,O-diethyl S-2-diethylaminoethyl 
phosphorothiolate, DSDP. Other agents used are specified in the footnote to 
Table V. Throughout the paper the terms ‘prophylactic’ and “therapeutic”’ 
refer only to application of a treatment procedure before and after exposure to 
an anticholinesterase compound respectively. 


oe 


Results 
PROTECTION AFFORDED RATs FROM DSDP By P-2-S AND ATROPINE 


Therapeutic Administration of P-2-S and Atropine 

The potency of this oxime and atropine against DSDP is shown in Table I. 
Intramuscular injection of P-2-S 30 mg/kg and atropine sulphate 12.5 mg/kg 
separately showed a very low protective index. In combination the effects of 
the oxime and atropine were greatly enhanced. The protection increased 
further with increasing concentration of P-2-S, but the rate of increase at doses 
larger than 30 mg/kg indicates that this value is near the optimal dose. This 
value agrees with that found by Davies et al. (1). When the route of application 
was changed from intramuscular to oral, a much lower order of protection was 
obtained which did not greatly improve on doubling the dose of atropine. An 
improvement was made by retaining the therapeutic oral application of P-2-S 
but injecting the atropine. This protection was further improved by increasing 
the dose of atropine to 25.0 mg/kg. Since neither oral P-2-S with oral atropine 
nor oral P-2-S with im. atropine approached the protective capacity of the 
therapy when both components were given intramuscularly, the absorption of 
P-2-S from the stomach must be too slow to produce the blood and tissue levels 
obtained on intramuscular injection. Increase of the dose of P-2-S to 200 mg/kg 
did not increase the degree of protection. 
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Prophylactic Administration of P-2-S and Atropine 

The results shown in Table II indicate that intramuscular administration of 
P-2-S and atropine was very effective in rats exposed to DSDP. The observed 
protective index of 43.0 compared with 26.9 obtained when the antidotes were 
given therapeutically confirms the fact that these antidotes are more useful 
prophylactically as Davies et al. (1) reported previously. Administration of 
the antidotes orally greatly reduced the protection even when the dose of 
P-2-S given was increased to 200 mg/kg. Increase in the dose of atropine pro- 
duced some improvement in protection. However, even 8 times the im. atro- 
pine dose did not increase the protective index above 16.0. 


Prophylactic Administration of P-2-S Combined with Therapeutic Atropine 

The protection afforded rats from DSDP was studied when P-2-S was 
administered prophylactically and atropine was given therapeutically. The 
results are given in Table III. A protective index of 28.2 was attained with 


TABLE III 


The activity of P-2-S supplied orally and prophylactically in combination with 
atropine administered intramuscularly and therapeutically in 
rats exposed to DSDP 











Animals Points 95% 

P-2-S Atropine sulphate per per confidence 
dose (mg/kg) dose (mg/kg) point assay ye 5 limits of P.I. 
200 — 6 $ 4.2 3.4 5.3 
200 42.5 6 8 28.2 26. 4-30.0. 

100 12.5 6 5 12.8 10.4-15.8 

50 12.5 6 4 12.6 10.2-16.0 

200 25.0 6 4 30.0 26.0-34.0 





Note: Oximes given 15 minutes before DSDP. Atropine sulphate given 0.5 minute after DSDP. 
DSDP in saline injected S.C. 


200 mg/kg of oxime administered orally in conjunction with 12.5 mg/kg of 
atropine. The value of 28.2 is equivalent to the protection obtained on thera- 
peutic intramuscular administration. This result indicates that blood and 
tissue levels of P-2-S after this dose orally are roughly equivalent to those 
obtained on intramuscular injection of 30 mg/kg P-2-S. Since the latter dose 
was found to be optimal, further increase in oral dose beyond 200 mg/kg should 
not produce greater protection. Decrease in the oral dose of P-2-S reduced the 
protection. Increase in the atropine dosage to 25 mg/kg did not significantly 
increase the potency of the oxime and atropine treatment indicating that the 
dose of atropine used (12.5 mg/kg) was near optimal. 


Effect of Increasing Time of Prophylactic Application of P-2-S 

P-2-S at 200 mg/kg was administered orally to groups of rats at times varying 
from 15 to 300 minutes prior. to exposure to DSDP. Atrapine administration 
was at constant dosage of 12.5 mg/kg given therapeutically 1.0 minutes after 
exposure. The resulting protection to the animals as shown in Fig. 1 indicated 
that the protection fell off as the time of prophylaxis was increased although 
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the rate of decline was slow. The time required for the protection to decrease 
to half the zero time value was approximately 220 minutes. Maximum pro- 
phylaxis was found between 15 and 30 minutes. 


FIG. | 


INDEX 
w 
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n 
io) 


PROTECTIVE 
fe) 











120 180 


TIME IN MINUTES TIME IN MINUTES 


Fic. 1. The variation in protection afforded rats exposed to DSDP by P-2-S and 
atropine. Atropine was administered at 12.5 mg/kg, 1.0 minute after subcutaneous 
application of DSDP. P-2-S at 200 mg/kg was given orally at increasing times before 
exposure to DSDP. 

Fic. 2. Similar to Fig. 1 except that P-2-S was given 15 minutes before DSDP and 
atropine injection was delayed for periods from 3} to 6 minutes after exposure to DSDP. 


Effect of Increasing Time of Therapeutic A pplication of Atropine 

P-2-S (200 mg/kg) was administered orally to rats 15 minutes prior to sub- 
cutaneous injection of DSDP. Atropine administration was withheld for 
periods varying from 4 minute to 6 minutes. The resulting protections from 
the oxime and atropine are shown in Fig. 2. These results clearly indicate the 
critical nature of the time of atropine administration. The time of therapeutic 
atropine administration required to reduce the protection to half the zero time 
value was approximately 3 minutes and the rate of decrease per minute was 
such that delay in atropine administration for 7 minutes reduced the protective 
index to negligible value. 


Protection to Mouse, Guinea Pig, and Rabbit to DSDP by P-2-S and Atropine 
A comparison of the protection afforded by the oxime and atropine treatment 
in other species is shown in Table IV. Administered therapeutically and intra- 
muscularly, P-2-S and atropine protected to the order of 8, 22, and 15 in the 
mouse, guinea pig, and rabbit respectively. When the oxime was used orally 
and prophylactically in combination with therapeutically applied atropine 
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sulphate, a protective index of 9.3 was found in the mouse, 16.0 for the guinea 
pig, and 12.0 for the rabbit. 


Protection Given Mice and Rats to Selected Cholinesterase Inhibitors by P-2-S 
and Atropine 

The effectiveness of P-2-S and atropine sulphate against eight organophos- 
phorus cholinesterase inhibitors and one reversible inhibitor, eserine, is given 
in Table V. Atropine sulphate administered therapeutically and intramuscu- 
larly produced low protections against all inhibitors. All values of the protec- 
tive index being below 2 and the majority being less than one. In general the 
effectiveness of oral, prophylactic P-2-S, was lower than that of atropine when 
used alone except in the cases of vinyl phosphate and isosystox where the oxime 
protection was 9.0 and 4.5 respectively. When used jointly, the oxime and 
atropine treatment produced higher protection than single use of either com- 
ponent. Applied therapeutically by the intramuscular route, high protection to 
TEPP, vinyl phosphate, DFP, isosystox, and paraoxon was obtained. Low 
orders of protection were obtained with tabun and sarin. Protection to eserine 
was surprisingly high. On oral prophylaxis with P-2-S combined with im. 
therapeutic atropine sulphate, protection was 50-75% as effective as intra- 
muscular dosage with those cholinesterase inhibitors which are susceptible to 
oxime and atropine treatment. Sarin and tabun remained refractory to treat- 
ment in the particular species used for the assay. The anomalous protection 
against eserine remained relatively high when the oxime was administered 
orally. 


Acute and Cumulative Oral Toxicity of P-2-S 

The acute oral toxicity of P-2-S was determined in male Wistar strain rats 
weighing 165-196 g and male mice weighing 20-25 g. Oral dosage with rats 
was 20 ml/kg- while mice received 40 ml/kg. Ten animals were used in each 
group and the LD; determined by the graphic method of Litchfield and 
Wilcoxon (4) from a 5-point assay in the case of rats, 7-point with the mice. 
The LDw of P-2-S in rats was 7.0 g/kg (95% confidence limits 6.5--7.5) and in 
mice the LDs was 3.7 g/kg (95% confidence limits 3.4—4.1). 

An attempt to assess the cumulative toxicity of P-2-S by repeated daily 
dosing with P-2-S was made on male weanling rats weighing between 60 and 
120 g. Two groups of 20 animals each were randomly chosen. The first group 
was retained as control while the second was given P-2-S at 200 mg/kg orally. 
Since P-2-S was administered in aqueous solution, the control group received 
the same volume of water by stomach tube as the test. Animals were individu- 
ally caged and supplied Purina fox chow and water for ad libitum feeding. 

‘Weights of the animals were recorded daily. Oxime dosing was done daily 
5 times per week and the experiment allowed to proceed for 50 treatment days 
at which time the animals were sacrificed. On autopsy, samples of brain, 
spinal cord, heart, skeletal muscle, bone, oesophagus, stomach, ileum, colon, 
liver, spleen, pancreas, kidney, and sternum were removed for histological 
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examination. 

There were no deaths in either the test or control groups. The mean rate 
of weight increase in the group given P-2-S was 3.0 g per day while the control 
group increased at 2.8 g per day. The difference is not significant as determined 
by analysis of variance of the unreduced data on every 4th day of test. 

Although the total accumulated dose of P-2-S was 50% above the acute 
toxic dose of P-2-S, and no deaths occurred, it was concluded the chronic 
toxicity dose of P-2-S must be greatly in excess of 10 g/kg. If chronic exposure 
to P-2-S had produced a metabolic lesion, a significantly altered growth rate at 
some phase of the 10-week exposure should have been evident. This conclusion 
was supported by the results of histological examination of the tissues. All 
specimens were examined by Dr. J. D. Rublee,* pathologist at Defence Research 
Kingston Laboratory, who reported that he could find no histological lesions 
attributable to the action of P-2-S in any of the organ systems examined. 


Discussion 


Single application of P-2-S or atropine regardless of route of application or 
time of application constitutes a treatment for anticholinesterase poisoning of 
low potency but one which can be vastly improved by the joint use of oxime 
and atropine. The necessity for their joint use, previously observed by Hobbiger 
(5), Askew (6), and others, has been supported by the results obtained with 
all agents, species, and routes or times of application examined in this study. 
Optimum levels of prophylaxis likewise require both treatment moieties. 
Given im. prophylactic application of P-2-S and atropine produced protection 
to rats from DSDP exceeding that obtained when treatment was withheld until 
after exposure. A protective index of 43 was obtained by prophylactic P-2-S 
dosing at 30 mg/kg combined with 12.5 mg/kg atropine, in comparison with 
the value of 27 obtained by the same dosage therapeutically. When both 
antidotes were administered orally, the protection obtained prophylactically 
was drastically reduced as was the therapeutic protection. Only by increasing 
the dose of oxime and atropine could improved levels of protection be obtained 
and even with a sixfold increase of P-2-S and an eightfold increase of atropine, 
P.1. values for oral administration of both oxime and atropine did not exceed 16, 
or approximately one-third the order obtained by im. dose. It would appear 
that factors of absorption, destruction, and excretion combine to limit severely 
the use of both drugs per os. However, prophylactic administration of atropine 
would not constitute a realistic approach to the problem of protecting man from 
anticholinesterase poisoning since the dosage required would either handicap 
or incapacitate (3). There would appear to be few reasons why P-2-S could not 
be administered orally and prophylactically with the atropine moiety withheld 
until after exposure to an anticholinesterase poison has occurred. In rats 

*The authors are particularly indebted to Dr. Rublee for his interest and co-operation in this 


study. Special thanks are also due his assistant, Mrs. M. E. Lyman, for preparation of the 
tissue specimens. 
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exposed to DSDP this mode of application of the antidotes demonstrated a 
protective index of 28, a value equal to the therapeutic effectiveness of the 
treatment on im. application of oxime and atropine. To achieve this order of 
protection, the dosage of P-2-S had to be increased from the optimal im. dose 
of 30 mg/kg to 200 mg/kg per os. Increase in the dosage of atropine was not 
found necessary since the protection obtained with oral oxime and 25.0 mg/kg 
atropine was insignificantly different than that given by 12.5 mg/kg atropine. 
Oral and prophylactic dosing with P-2-S combined with therapeutic im. atropine 
thus constitutes an effective procedure which retains the potency of the anti- 
dote combination while simplifying the method of application. However, as 
with other routes of application, this treatment does not allow animals to escape 
the effects of anticholinesterase poisoning. The severity of symptoms particu- 
larly with high doses of DSDP is sufficiently great to incapacitate the animals. 
However, the animals survive exposure to DSDP in doses 28-fold the dose 
lethal in unprotected animals, without recourse to artificial ventilation. Similar 
trials on mice, guinea pigs, and rabbits revealed that the protection given by 
this mode of application of oxime is not specific for the rat but is paralleled in 
these animals. A different order of protection was obtained with the differing 
species, agreeing with the findings of Davies (2) that treatment with P-2-S and 
atropine is not uniform but varies with the species examined and the cholines- 
terase inhibitor involved. These authors found that the treatment was very 
effective against tetraethylpyrophosphate (TEPP) in each of these species and 
against sarin in rabbits and guinea pigs. Rats and mice poisoned with sarin were 
less responsive to treatment. Their observations are confirmed and extended in 
the results of Table V. Protective indices from oral P-2-S and im. atropine 
exceeding 5 were obtained with TEPP, vinyl phosphate, DFP, isosystox, and 
paraoxon in mice and rats, while sarin and tabun were resistant to treatment. 
One unexpected result was the effectiveness of treatment against eserine 
poisoning in mice. These results raise some doubts that the mechanism of 
eserine inhibition of cholinesterase is exclusively one of reversible competition 
for the anionic receptor site of the enzyme (7). Unfortunately no information 
is available on the action of reactivating oximes on cholinesterase inhibited with 
compounds acting in a manner differing from the mechanism of phosphorylation 
common to all organophosphorus inhibitors. Until such information is avail- 
able the mode of action of P-2-S against eserine remains purely speculative. 
In the time studies, P-2-S given orally produced protection for a longer 
period of time than Davies et al. (2) reported after intramuscular dosing. Under 
the latter conditions protection 2 hours after application was negligible due to 
the almost total excretion or metabolism of a dose of 30 mg/kg in this time. 
Evidently the larger dose of P-2-S used orally, 200 mg/kg, coupled with slower 
rates of absorption from the gut than from skeletal muscle; results in the main- 
tenance of effective blood and tissue levels for an extended period. Obviously 
the time of prophylaxis is not critical, a facet of the treatment which is in 
contrast with the time of application of atropine. Delay in atropine administra- 
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tion to rats after exposure to DSDP caused an almost linear reduction in 
effectiveness of treatment which became zero when atropine is given 7 minutes 
after exposure. It is evident that atropine must be given as soon as the earliest 
symptoms of anticholinesterase exposure have been established. Although the 
dose of P-2-S found near the optimum at 200 mg/kg for oral use is large, the 
ratio of effective dose to toxic dose is still favorable. In the mouse where the 
acute toxicity was 3.7 g/kg this ratio is 1/18, while in the rat, where the acute 
toxicity was 7.0 g/kg the ratio is 1/35. From the studies on cumulative toxicity 
of P-2-S it is evident that P-2-S even at doses of 200 mg/kg can be repeatedly 
given without evidence of damage. 

It is apparent that the potency of any antidote or combination of antidotes 
in the treatment of cholinesterase poisoning varies with (a) the nature of the 
anticholinesterase agent and the route by which it is absorbed, (6) the species 
upon which the test is performed, (c) the route of antidote applications, and 
(d) the time of antidote application, with respect to time of exposure to the 
inhibitor. Extrapolation to combinations of the above variables not examined 
in this study can result in gross error. It cannot be predicted, therefore, that 
P-2-S and atropine used in the treatment procedure advanced in this report 
would offer man a degree of protection to DSDP similar to that found in rats 
or any other species. However, the results supply a basis for consideration of 
a method of protection for man which would offer a solution to one phase of 
treatment of human cholinesterase poisoning which can not currently be met. 

In the case of poisoning with a rapid-acting cholinesterase inhibitor, death 
can result from even a short delay in the application of treatment. A method of 
self-treatment, which is simple enough to be used by unskilled individuals after 
a very minimum of instruction, and which would provide a means of keeping 
casualties alive until appropriate medical treatment can be instituted, would 
fulfill a need. Such a method would be particularly applicable in the situations 
where large quantities of highly toxic insecticides are handled. The results of 
the work indicate that the use of an orally and prophylactically applied oxime 
combined with therapeutically and intramuscularly applied atropine supplies a 
relatively simple technique of demonstrable effectiveness in animals. Atropine 
is now available in either automatic injection devices or simple syrettes for 
self-injection. The low order of protection achieved by im. atropine, however, 
necessitates currently that artificial ventilation form a part of ‘‘First-aid” 
treatment. By the use of oral oximes with atropine, the order of protection is 
increased to values in animals which raise doubts that the technically difficult 
step of artificial ventilation is necessary in preliminary treatment in the field. 
Oxime administration in the form of pills or capsules at dosages established by 
human trials to produce blood levels of P-2-S equivalent to those obtained in 
animal studies could be taken when the risk of exposure was imminent. When 
contact with the cholinesterase agent is established by the earliest symptoms, 
atropine can then be self-administered from an injection device. It is worth 
noting that a procedure such as this is not intended to supplant or replace other 
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protective devices such as respirators and protective clothing, but to supple- 
ment their effectiveness. 
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THE REACTION OF MUSTARD GAS WITH THE PURINE 
PORTION OF DEOXYRIBONUCLEIC ACID! 
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Abstract 


Mustard gas was reacted with deoxyribonucleic acid (DNA) at pH 7.4. The 
amount of alkali consumed during the reaction indicated that primary phosphory] 
groups were not alkylated. The reacted DNA was degraded to apurinic acid and 
a purine fraction. Examination of the latter showed that guanine was attacked to 
a much greater extent than adenine. The major guanine derivative was identical 
with a product previously isolated from the reaction between guanine and mustard 
gas in alkaline solution. The available evidence suggested that the compound was 
a 7-alkyl derivative. 































Introduction 


The concept that the mustards and other alkylating agents exert their 
cytotoxic effects by reacting with the deoxyribonucleic acid (DNA) of the 
cell has led investigators to study the in vitro reaction of these agents with 
DNA. 

Evidence was presented by Elmore e¢ al. (1) that mustard gas in high con- 
centration reacts with the phosphoryl, amino, and hydroxyl groups of DNA. 
Press and Butler (2) found that following the reaction of HN2 (di(2-chloro- 
ethyl)methylamine) with DNA, the amounts of primary amino nitrogen and 
purine precipitable by silver were decreased. 

More recently Reiner and Zamenhof (3), employing dimethyl sulphate, 
diethylsulphate, and HN1 (2-chloroethyldimethylamine) in concentrations just 
sufficient to inactivate transforming principle, demonstrated convincingly the 
especial susceptibility of guanine to attack by these agents. The guanine 
reacted at the 7-position. Adenine was also attacked at the 7-position, but to a 
lesser extent, and some phosphate was esterified. Lawley and Wallick (4) 
have presented evidence that HN2 also reacts with the 7-position of guanine 
in the DNA molecule. Finally, Stacey et al. (5) showed that phenylalanine 
mustard reacts almost exclusively with the phosphoryl groups of DNA. 

The paucity of knowledge concerning the reaction of mustard gas with DNA 
has prompted us to make such a study. Although mustard gas exerts the same 
general effects on biological systems as other alkylating agents it has not proved 
as useful in the treatment of cancer (6). Nevertheless, a study of its reactions 
should prove valuable in elucidating the biological action of alkylating agents 
and, because mustard gas contains a sulphur atom, which constitutes a sort 
of label, it is a useful chemical in this respect. In a previous paper (7) we 
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reported on the separation, isolation, and characterization of products formed 
when mustard gas reacts with purine and pyrimidine bases. The present work 
is a continuation of this type of study in which DNA has been reacted with 
mustard gas, and the product has been degraded and examined chemically. 


Methods and Materials 

Materials 

DNA.—Prepared from calf thymus by the method of Marko and Butler (8). 

Mustard gas.—Obtained from Suffield Experimental Station, Ralston, Alta., 
and purified by vacuum distillation. 

Radioactive mustard gas.—S**-labelled 8 ,@-dichloroethylsulphide was obtained 
from the Commercial Products Division, Atomic Energy of Canada. 

Phenylalanine mustard.—A gift from Dr. K. A. Stacey, Chester Beatty Insti- 
tute, London, England. 

Phosphorus determination.—The method of King (9) was followed. 

Nitrogen determination.—After acid digestion of the samples, the ammonia 
was distilled and determined by nesslerization. 


Reaction of DNA with Mustard Gas and Degradation of the Product 

A typical procedure was as follows. To 100 ml of a 0.1% solution of DNA, 
phosphorus content approx. 70 ug/ml, adjusted to pH 7.4, was added either 
1 or 2 ml of an alcoholic solution containing sufficient mustard to give the 
desired mustard:DNA-phosphorus ratio. The reaction mixture was kept well 
stirred with a magnetic stirrer and the pH was maintained at 7.4 through the 
addition of 0.1 N sodium hydroxide by means of an automatic titrator. The 
reaction was 90% complete in 5 hours at room temperature but was allowed to 
continue overnight. The mixture was then dialyzed at 4° C against 1-liter 
volumes of water, for periods of 1.5 hours, 4 hours, and finally overnight. 
The contents of the dialyzing sac were removed and adjusted to pH 1.6 with 
1 N hydrochloric acid and dialyzed against 1 liter of hydrochloric acid solution, 
pH 1.6, at 37° C for 22—24 hours (10). The dialyzate contained the liberated 
purines and the sac contained apurinic acid. The apurinic acid (APA) solution 
was adjusted to pH 7.4 and dialyzed at 4° C against 1-liter volumes of water, 
twice for 3 hours and once overnight. 


Reaction of DNA with S*°-labelled Mustard Gas 
The procedure outlined above was followed using 50 ml of DNA solution and 
48 mg of S**-labelled mustard with a total radioactivity of 55 sc. 


Large-Scale Study of Purine Fraction from DNA-—Mustard Reaction 

Five hundred milliliters of 0.1% DNA solution was reacted with 480 mg of 
sulphur mustard at pH 7.4 as described above. The purine fraction was pre- 
pared as previously described but 3-liter volumes were used during the dialysis 
stages. The purine fraction was poured on a column 2.5 cm X 7 cm of Nalcite’ 
in the hydrogen form, the column was washed with water, and the purines were 


2A sulphonic acid type of cationic exchange resin. 
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eluted with 0.5 N ammonium hydroxide. The eluate was distilled to near 
dryness under vacuum and the residue dissolved in 5 ml of 0.1 N hydro- 
chloric acid. The acid solution was chromatographed on a cellulose—butanol 
column (2.5cm X 56cm) using 90% butanol, 10% water as eluent, and 15- to 
20-ml samples were collected hourly. The preparation and use of a cellulose— 
butanol column has been described previously (7). When no more ultraviolet 
light absorbing material could be eluted by the aqueous butanol, the cellulose 
was removed, dried, and extracted by suspension overnight in 400 ml of 0.1 NV 
hydrochloric acid. The acid extract and the chromatographic fractions ob- 
tained from the cellulose column were purified by absorption on small columns 
of Nalcite HCR in the hydrogen form followed by elution with 0.1 NV ammonium 
hydroxide (7), and the resulting eluates were concentrated by vacuum dis- 
tillation. One of the fractions obtained in this way (see Results) was rechroma- 
tographed on a cellulose column (1 cm X 48 cm) using isopropyl alcohol — 
hydrochloric acid as solvent (isopropyl alcohol 170 ml, conc. HCI 41 ml, water 
to make 250 ml (11)). In this case the solvent serves both in the preparation 
of the column and as the eluent. Hourly samples of 5 ml were collected. 

Paper chromatography.—The descending technique was employed with 
Whatman No. 1 paper. The solvent systems were isopropyl alcohol — hydro- 
chloric acid and butanol—water (11). Permanent records were made using the 
blue print method of Gordon (7, 12). To make the chromatography quantita- 
tive, the solution for analysis was spotted on paper in duplicate. After chroma- 
tography the separated materials were located under ultraviolet light, circled 
lightly in pencil using a template, and the circles cut out. The two circles for 
each material were combined and extracted by agitating in 0.1 N hydrochloric 
acid overnight. Blank circles were cut at the same level as each material. The 
optical density of the extracts was measured at 260 my. Each analysis was 
performed in duplicate. 

Spectrophotometry—A Beckman Model DU spectrophotometer was used. 
Total extinction is defined as optical density, obtained at a specified wave 


length with a 1-cm light path, multiplied by the volume of the solution and by 
the dilution. 


Results 


In the reaction of mustard gas with DNA at a pH of 7.4, two molar ratios of 
mustard to DNA phosphorus (H/P ratios) were used, 2.3 and 0.29 respectively. 
With the exception of one large-scale reaction, the amount of alkali consumed 
in order to maintain the pH at 7.4 lay between 90% and 108% of that required 
for the release of two hydrogen ions per mole of mustard. For six trials the 
average uptake was 95% of the calculated theoretical value. In the one excep- 
tion the alkali consumption was 69% of the calculated value. In view of the 
other consistent values the cause of the one low result has been attributed to 
some unknown experimental error. Several of the samples at the end of the 
reaction were held at 90° C for 20 minutes but this treatment did not lead to 
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the release of acid. The significance of this finding is considered in the discus- 
sion. When phenylalanine mustard was reacted with DNA under similar condi- 
tions using an H/P ratio of 0.31, the uptake of alkali amounted to 54% of that 
calculated for the release of two hydrogen ions per mole of mustard. After 
heating at 90° C, acid was released, which, when titrated, brought the com- 
bined titration to 103% of the calculated value. 

In order to determine the kinds of reactions which had taken place between 
mustard gas and DNA, a suitable scheme for degrading the DNA was required. 
The method developed by Tamm et a/. (10) for the preparation of APA appeared 
to be ideal, being a mild treatment and bringing about a quantitative separation 
of the purines from the rest of the DNA molecule. The degradative scheme 
given under Methods and Materials is essentially that of Tamm et al. 

It was necessary to know whether treatment with mustard brought about 
chemical changes in the DNA such that its behavior during degradation would 
be different from untreated DNA. Nitrogen and phosphorus estimations were 
made on the reaction mixture following the first dialysis against water and on 
the purine and apurinic acid fractions. A solution of DNA which had not been 
reacted with mustard was treated in an identical fashion. The values obtained 
were corrected so as to include the dialyzable material on both sides of the sac. 
These results are to be seen in Table I. In the DNA of calf thymus the base 
composition per hundred nucleotides is cytosine plus 5-methylcytosine, 22; 
thymine, 28; adenine, 28; guanine, 22 (13); the pyrimidine nitrogen comprises 
one-third and the purine nitrogen comprises two-thirds of the total. The calcu- 
lated APA nitrogen and purine nitrogen were taken as one-third and two-thirds 
respectively of the nitrogen found after the first dialysis. The table shows that 
the reaction of sulphur mustard with DNA does not cause the release of dialyz- 
able nitrogen or phosphorus, nor does it alter appreciably the phosphorus and 
nitrogen composition of the APA and purine fractions derived subsequently. 

The purine fraction, after absorption on a column of Nalcite and elution by 
0.1 N ammonium hydroxide, was examined by means of paper chromatography 
using the hydrochloric acid — isopropanol system. Figure 1 is a reproduction 
of a paper chromatogram of a series of purine fractions from reaction mixtures 
in which the mustard:DNA ratio was varied. It is to be noted that as the 
H/P ratio is increased from 0.6 to 2.3 more of the guanine disappears. At the 
same time two new materials appear. Their spots are rather faint and an X 
has been marked beside them. These materials, in the order in which they run 
on the paper, have been referred to as the slow component and the fast com- 
ponent respectively. When S*-labelled mustard was reacted with DNA and 
the chromatographed purine fraction was examined by means of autoradio- 
graphy, the only radioactive areas were those corresponding to the slow and 
fast components. 

In order to obtain a quantitative measure of the extent to which the purine 
bases of the DNA molecule reacted with the mustard, the purine fraction was 
analyzed by quantitative paper chromatography. Two reaction mixtures with 
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Fic. 1. Paper chromatogram of purine fractions from DNA-mustard reaction mixtures 
in which the molar ratio of mustard: DNA-phosphorus (H/P) was varied. 

1 = H/P ratio of 0.6, 2 = H/P ratio of 1.2, 3 = H/P ratio of 2.3, A = adenine, G = 
guanine, C = purine fraction from untreated DNA, X = location of new products. 


H/P ratios of 2.3 and 0.29 were analyzed to see the effect of different concentra- 
tions of mustard. With reference to Table II the following points should be 
noted. The optical extinction per milliliter of purine fraction decreases following 
reaction with mustard. Recovery of the untreated-DNA purine fraction applied 
to the paper was only 87%; however, the recovery of the purine fraction from 
mustard-treated DNA was even less. The lower recovery in the latter case 
probably means that materials besides the slow and fast components were 
formed in small amounts but escaped visual detection under ultraviolet light. 
These materials would not, then, have been cut from the paper as spots and 
analyzed. It may be seen that the guanine of the DNA molecule is especially 
sensitive to attack by mustard, 76% of it disappearing at the higher concentra- 
tion of mustard and 60% of it at the lower concentration. Adenine is attacked 
too, but to a lesser extent, 28% and 7% respectively being destroyed at the 
high and low concentrations of mustard. The method of expressing the con- 
centrations of the slow and fast components in the reaction mixture can only 
be arbitrary because their molar extinction coefficients are not known. The 
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TABLE II 


Data obtained by quantitative paper chromatographic analysis of the purine fraction 
from DNA-mustard reaction mixtures 























Extinction per ml of % recovery of 
purine fraction U.V.-absorbing material 
Experiment applied to paper applied to paper 
Untreated DNA (control) 82 87 
H/P* = 0.29 . 78 81 
H/P = 2.3 69 79 
Adenine and guanine left Amounts of slow and fast 
after treatment with mus- components formed as % 
tard, expressed as % of of the guanine recovered 
the control values in the control experiment 
Adenine Guanine Slow Fast 
H/P = 0.29 93 40 10 28 
H/P = 2.3 72 24 16 45 





*H/P = molar ratio of mustard to DNA phosphorus. 


expression chosen was the total extinction of the component divided by the 
total extinction of the guanine recovered in the control experiment, multiplied 
by 100%. The values obtained for the relative amounts of the slow and fast 
components confirm the previous qualitative observations that they increase 
in amount with increasing concentrations of mustard and apparently at the 
expense of one or both of the original purines. Furthermore, the fast com- 
ponent is the major one. 

To learn more about the components of the purine fraction, a DNA-—mustard 
reaction, in which the H:P ratio was 2.3, was carried out on a larger scale. The 
purine fraction from this preparation was chromatographed on a cellulose 
column using aqueous butanol as the eluent. The elution diagram is shown in 
Fig. 2. The material in the first peak had a non-specific ultraviolet light 
absorption spectrum and presumably consisted largely of non-purine material. 
Because of the small quantities contained in the first two peaks they were 
combined to make fraction 1. Fractions 2 and 3 were formed by pooling the 
tubes indicated in the diagram while fraction 4 was a hydrochloric acid extract 
of the cellulose subsequent to the aqueous butanol elution. The purified residues 
obtained from these fractions (Methods) were examined spectrophotometrically 
and by means of paper chromatography. From the data recorded in Table III 
it can be seen that fraction 1 contains a substance which behaves chromatog- 
raphically like adenine but has a different ultraviolet light absorption spec- 
trum. Fraction 2 contains two chromatographically distinct materials, one of 
which has the same R; value as adenine, while the other corresponds in position 
to the fast component (Fig. 1). Fraction 3 has the same characteristics as 
guanine both chromatographically and spectrophotometrically. Fraction 4 cor- 
responds in its chromatographic movement with the slow component (Fig. 2). 
The spectral characteristics of fractions 1 and 4 were compared with those of the 
adenine and guanine derivatives isolated in a previous study (7) in which the 
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Fic. 2. Elution chromatogram of the purine fraction from a DNA-mustard reaction 
mixture; cellulose column (2.5 cm X 56 cm) with aqueous butanol as eluent; 15- to 20-ml 
samples collected hourly. 

















free bases had been reacted with mustard gas. No reasonable correspondence 
was apparent. Fraction 4, however, appeared to be similar in its spectral char- 
acteristics to a guanine derivative while the characteristics of fraction 1 bore 
some resemblance to those of an adenine derivative. 

When fraction 2 was rechromatographed on a cellulose column using the 
hydrochloric acid — isopropyl alcohol system as eluent, the mixture was resolved 
into three fractions which have been called 2A, 2B, and 2C (Fig. 3). These 
fractions were purified by elution from small Nalcite columns in the usual way. 
Fraction 2B was further purified by precipitation as the silver salt (14) and the 
free base was recovered by extraction with dilute hydrochloric acid. Spectro- 








TABLE IV 


Spectral data for fractions obtained after rechromatographing purine fraction 2 











0.1 N hydrochloric acid 0.1 N sodium hydroxide 
Max. Min. D250 D280 Max. Min. D250 D280 
































Material (mu) D260 D260 (mu) D260 D260 
Fraction 2A 275 235 0.85 1.14 274 252 0.86 1.48 
Fraction 2B 249 228 1.29 0.71 280 258 1.27 1.77 
G-3* 249 228 1.27 0.70 281 259 1.29 1.71 
7-Methylguaninet 250 - 1.28 0.83 282 -— 1.09 2.45 
Fraction 2C 261 228 0.80 0.38 267 236 0.68 0.57 
Adenine 262 229 0.78 0.37 267 235 0.61 0.55 

*See text. ms 


tAcid values measured in 1 N hydrochloric acid (3). 
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Fic. 3. Rechromatography of fraction 2 obtained from purine fraction; cellulose 
column (1 cm X 48 cm) with isopropyl alcohol — hydrochloric acid as eluent; 5-m1 samples 
collected hourly. ‘ 


photometric data for these fractions are recorded in Table IV. Included in the 
table for comparison are the values for adenine, 7-methylguanine, and a guanine 
derivative referred to as G-3. This compound was isolated previously (7) as 
one of the products of the reaction of mustard gas with guanine. It, too, had 
been purified through the formation of its silver salt. The values for 7-methyl- 
guanine were taken from the paper by Reiner and Zamenhof (3). It seems 
certain from these data that fraction 2C contains adenine. Fraction 2B, which 
corresponded chromatographically with the fast component, appears to be 
identical with compound G-3. Fraction 2A did not correspond in spectral 
characteristics to any of the purine fractions isolated in the previous study. 


Discussion 


Stacey et al. (5) showed that in the in vitro reaction between phenylalanine 
mustard and DNA, alkylation occurred almost exclusively with the phosphoryl 
groups. The lower the H/P ratio, the more favored was the reaction with the 
phosphoryl groups. Their conclusion was based on the amount of acid liberated 
during the reaction. Alkylation of a purine or pyrimidine base results in the 
formation of hydrochloric acid, but when a sodium phosphoryl group is reacted 
the product is sodium chloride. The validity of their conclusion was supported 
by the demonstration that when the reacted DNA was heated, acid was liber- 
ated in an amount equivalent to the phosphoryl groups which had been calcu- 
lated to have reacted. The release of acid upon heating was anticipated because 
alkylation of the primary phosphoryl groups of DNA would yield heat-labile 
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phosphotriester bonds. Using phenylalanine mustard we have confirmed the 
findings of Stacey et al., but have obtained a different result with sulphur 
mustard. Our results with the latter indicate no appreciable reaction with 
phosphoryl groups even at the low H/P ratio of 0.29. It must be concluded that 
sulphur mustard and phenylalanine mustard react with DNA in vitro in 
dissimilar ways. 

In view of the absorption of ultraviolet light by the slow and fast components, 
the method of their preparation and the finding that they contain sulphur 
(autoradiography) it seems certain that these derivatives were formed by the 
union of mustard gas with a purine. The reactivity of sulphur mustard with 
the purine portion of DNA and especially guanine is noteworthy. Thirty-three 
per cent of the total purine reacted at an H/P ratio of 0.29, which represents 
0.54 mole of mustard for each mole of purine (Table II). 

Column chromatographic separation of the purine fraction showed the 
presence of at least four compounds besides guanine and adenine. Two of the 
materials had guanine-like properties, one resembled an adenine derivative and 
the fourth could not be classified in this way. The material in fraction 2B, the 
major reaction product, is of interest because it could be identified with com- 
pound G-3. This compound had been isolated previously as one of the products 
from the reaction between mustard gas and guanine in alkaline solution (7). 
Chemical and physical data indicated that the compound was guanine with a 
2-(8-hydroxyethylthiol)-ethyl radical (HO.CH2.CH2.S.CHe2.CHs2.) attached so 
as to block the ionization of either the hydroxyl or the imidazole group, but a 
choice between the two groups could not be made. In the present work the 
reaction was carried out at pH 7.4 and hence the guanine would be in its keto 
form. Additionally, the guanine is joined through the 9-position to deoxyribose. 
The likely points of attack in order to produce a compound with the properties 
of G-3 are the 1- and 7-positions. Since Lawley and Wallick (4) and Reiner and 
Zamenhof (3) have reported the formation of 7-alkylguanine derivatives as the 
predominate products following the reaction of various alkylating agents with 
DNA, it seems likely that in the present study the mustard gas also has alkylated 
the 7-position of guanine. The spectral similarity of fraction 2B and compound 
G-3 to 7-methyl guanine is apparent in Table IV but a more rigorous test will 
be required before the site of alkylation in fraction 2B and compound G-3 can 
be stated conclusively. 
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THE REACTION OF MUSTARD GAS (6,3’-DICHLOROETHYL 
SULPHIDE) WITH PURINES AND PYRIMIDINES! 


I. G. WALKER AND W. J. WATSON 


Abstract 


Guanine, adenine, cytosine, and thymine were reacted in alkali with twice the 
molar equivalent of mustard gas. The reaction mixture from each of the above was 
resolved by column and paper chromatography, and the minimum number of com- 
pounds produced from each of the bases was found to be the following: guanine, 
six; adenine, seven; cytosine, four; and thymine, three. 

The approximate extent to which the bases reacted with mustard gas was as 
follows: guanine, 80%; adenine, 40%; cytosine, 50%; and thymine, 50%. 

Spectral and chromatographic data for the various derivatives have been 
compiled. 

The major derivative from each of the cytosine and adenine reaction mixtures 
was isolated in a crystalline state and characterized. The structures assigned to 
these compounds have a 2-(8-hydroxyethylthiol)-ethyl radical attached to the 
oxygen of cytosine and the Ny of adenine. 

In the guanine compounds the amino group had not been alkylated but the ion- 
ization of the hydroxyl group or the imidazole group had been abolished. From 
the available data it was not possible to state which one of the two groups was 
missing in any one compound. 

Structural details concerning the thymine derivatives were not obtained. 


Introduction 


There is much evidence and argument to support the idea that the mustards 
and other cytotoxic alkylating agents exert their activity by reacting with the 
genetic material of the cell, the deoxyribonucleic acid (DNA) (1, 2, 3). For this 
reason the in vitro reaction of the mustards and other alkylating agents with 
DNA has been investigated by various workers. Depending on the alkylating 
agent used and the reaction conditions employed, it has been found that both 
the phosphate (4, 5, 6) and the purine and pyrimidine bases of DNA (4, 6, 7, 8) 
are susceptible to attack. These findings have prompted studies on the reaction 
between alkylating agents and the free purine and pyrimidine bases as well as 
their nucleosides and nucleotides. Wheeler, Morrow, and Skipper showed that 
the nitrogen mustard, HN2, (di-(2-chloroethyl)methylamine) and sulphur 
mustard (@,8’-dichloroethylsulphide) would react with the purines and pyrimi- 
dines found in nucleic acids to yield products separable by chromatography 
(9, 10). The chemical nature of the products was not ascertained. It was 
demonstrated, however, that sulphur mustard was capable of reacting with a 
purine which contained no replaceable hydrogens (10). This type of reaction 
would occur through the unshared pair of electrons on one of the ring nitrogens. 
The reaction of guanine and adenine with dimethylsulphate, diethylsulphate, 
and HN1 (2-chloroethyl-diethylamine) has been studied by Reiner and 

‘Manuscript received August 8, 1960. ‘ 

Contribution from the Biochemistry Section, Defence Research Medical Laboratories, 
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Zamenhof and for each reaction the major product appeared to be the 7-alkyl 
derivative (6.) Other products were formed but were not identified. 

Press and Butler (8) found a decrease in the amount of purine precipitated 
by silver following the reaction of HN2 with adenosine and guanosine. The 
amount of primary amino nitrogen was reduced following the reaction with 
cytidine and adenosine. Lawley (7) reported that dimethyl sulphate reacted 
with the base portion of deoxyguanylic acid, deoxycytidylic acid, and deoxy- 
adenylic acid while the results of Reiner and Zamenhof (6) indicated that diethyl 
sulphate and HN1 also would attack the base portion of the purine nucleo- 
tides. The work of Lawley and Wallick (11) suggested that the major site of 
attack by HN2 on guanylic acid was the 7-position. Wacker and Ebert (12) 
have shown that treatment of adenosine with dimethyl sulphate led to the for- 
mation of the 1-methyl, the N¢-methyl, and the 1,N.-dimethyl derivatives. 

Because the reactions of sulphur mustard with purines and pyrimidines have 
not been as well documented as those with other alkylating agents we are 
reporting our results on the separation, isolation, and characterization of 
products from such reactions. An alkaline medium was used, and although 
such a condition would not be encountered physiologically, it ensured that the 
purines and pyrimidines would react readily with the mustard gas (2) to produce 
the various products in, good yield. From the data collected it was possible to 
suggest a chemical structure for only one adenine and one cytosine derivative. 
However, other information has been gained which constitutes a catalogue of 
the properties of the various derivatives and provides an indication of the 
extent to which each of the bases is capable of reacting. 


Materials and Methods 

Materials 

Mustard gas.—Obtained from Suffield Experimental Station, Ralston, Alta., 
and purified by distillation under vacuum. 

Purines and pyrimidines—Commercial products which were checked for 
purity by paper chromatography. 

Cellulose powder —Whatman, standard grade. 

n-Butanol.—Different lots of this solvent were found to differ greatly in their 
content of ultraviolet-absorbing material. If the solvent had too great an 
absorbance in the ultraviolet range it could not be used as a solvent blank. 
It was not possible to purify the butanol by simple distillation; therefore 
different lots obtained from commercial sources were checked spectrophoto- 
metrically before they were accepted. 


Reaction with Mustard 

Five millimoles of the purine or pyrimidine dissolved in 50 ml of 1 N sodium 
hydroxide was mixed with 400 ml of water. To this solution, 10 millimoles of 
mustard gas dissolved in 50 ml of ethanol was added. After vigorous shaking 
a clear solution was obtained. The reaction mixture was allowed to stand at 
room temperature for 72 hours. 
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Precipitation of Purines by Silver Ions 

The purines were dissolved in 5% sulphuric acid to give concentrations of 
approximately 0.2 mg/ml and excess silver sulphate was added following the 
method of Gulland ef al. (13). The extent of the precipitation was followed by 
measuring the amount of ultraviolet-absorbing material in solution before and 
after addition of the silver sulphate. 


Separation, Isolation, and Purification of the Components of the Reaction Mixtures 

1. Guanine Reaction Mixture 

The reaction mixture was acidified by the addition of 60 ml of 1 N hydro- 
chloric acid and this solution was distilled to near dryness under vacuum at a 
bath temperature of 40° C. The residue was dissolved in 20—25 ml of water with 
the aid of a little more 1 N hydrochloric acid, and this solution was mixed with 
approximately 80 ml of cellulose powder and allowed to dry in an evacuated 
desiccator over calcium chloride and sodium hydroxide. A cellulose—butanol 
column 6.4 cm in diameter and 60 cm in length was prepared by the continuous 
addition of small amounts of a slurry of powdered cellulose in n-butanol to a 
glass tube joined toa sintered glass funnel. After each addition the cellulose was 
tamped with a glass rod. Butanol was then allowed to run through the column 
for 24 hours or until the column had a well-packed appearance. The dried 
cellulose powder to which the reaction mixture had been added was made into 
a slurry with butanol and added to the top of the column, followed by a little 
more cellulose—butanol slurry to act as a protection against mechanical dis- 
turbances. Butanol was allowed to flow through the column for a further 24 
hours and then the solvent was changed to a 9:1 (v/v) butanol:water solution. 
The flow rate was maintained at 25 ml per hour and successive 25-ml samples 
were collected by means of an automatic fraction collector. Elution with 90% 
butanol was-continued until the optical density of the eluate remained below 
0.5. Then the cellulose was removed from the column, air-dried, and extracted 
three times with 3-liter portions of 0.1 N hydrochloric acid. This was done 
by suspending the cellulose in the acid and letting it stand overnight. 

The contents of the tubes comprising only the central portion of each chroma- 
tographic fraction were pooled. Each pooled solution was passed directly 
through a column of strongly acidic cation exchange resin (Nalcite HCR) in 
the hydrogen form as a convenient way of removing the butanol. The resin was 
prepared by first converting it to the hydrogen form, and then washing with 
95% ethanol followed by 90% butanol prior to passing the fraction through. 
To elute the absorbed materials the column was washed with 95% ethanol 
followed by water and the actual elution was made with 0.1 N ammonium 
hydroxide. The size of the column varied from 5 to 50 ml, depending on the 
volume of the fraction. The ammonium hydroxide eluates were distilled to 
dryness under vacuum. 

The dry residues were dissolved in 0.1 N hydrochloric acid and the solutions 
neutralized with sodium hydroxide and left at 4° C. The resulting white 
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precipitates were washed twice with water by centrifugation and allowed to 
dry in a desiccator over calcium chloride. 

2. Adenine Reaction Mixture 

The separation and isolation procedures were the same as used on the guanine 
reaction mixture. Dry residues were obtained from each of the chromatographic 
fractions by procedures identical with those used on the guanine reaction mix- 
ture. With reference to Fig. 1, the residues obtained from chromatographic 
fractions 1 and 4 were not treated further. The residues from fractions 2 and 
3 were crystallized from water and the mother liquors from both were saved 
for paper chromatography. 

3. Cytosine Reaction Mixture 

Separation of the components was achieved on a butanol-cellulose column 
exactly as described for the guanine reaction mixture. At the end of the aqueous 
butanol elution, the cellulose was not extracted with 0.1 N hydrochloric acid. 
Dry residues were obtained from each of the chromatographic fractions by the 
same methods used for the guanine fractions. With reference to Fig. 1, the 
residue from chromatographic fraction 4 was crystallized from water while that 
from fraction 3 was crystallized from ethanol. Residues 1 and 2 were not 
treated further. 


4. Thymine Reaction Mixture 

The alkaline reaction mixture was poured directly on an anion exchange 
column (Dowex 1-10X in the chloride form) which measured 3 cm by 28 cm. 
Several hundred milliliters of water were allowed to run through the column 
and then elution was commenced with a buffer solution at pH 11.3, made of 
0.09 N diethylamine and 0.025 N hydrochloric acid in water (14). The flow 
rate was 80 ml per hour and 625 successive 40-ml samples were collected. As 
the total extinction of the eluates up to this point indicated that some material 
remained on the column, the column was washed with 2.5 liters of diethylamine 
buffer at pH 10. This failed to elute any ultraviolet-absorbing material and 
hence elution was commenced with 0.1 N hydrochloric acid. The ultraviolet- 
absorbing material remaining on the column was eluted by the acid as a single 
sharp peak. 

Diethylamine was removed by passing each fraction through a column of 
Nalcite HCR in the hydrogen form. Concentration by vacuum distillation of 
these solutions as well as the hydrochloric acid eluate led to degradative changes. 
To avoid these, the acid was removed by passing each of the solutions through 
a column of charcoal (Darco G-60, obtained from Fisher Scientific Co.), and 
then eluting the column with ammoniacal alcohol (500 ml 95% ethanol, 17 ml 
28% ammonium hydroxide, and 430 ml water). The ammoniacal alcoholic 
solutions were concentrated by vacuum distillation. 

Paper Chromatography 

The descending technique was used with Whatman No. 1 paper. The follow- 

ing solvent systems (15) were employed: 
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(1) isopropyl alcohol:water:concentrated ammonium hydroxide, 85:15:1.3 
(v/v); 
(2) isopropanol, 170 ml, conc. hydrochloric acid, 41 ml, water to make 250 
ml; 
(3) butanol: water, 86:14 (v/v). 
The spots were visualized under ultraviolet light. In order to obtain a perma- 
nent record of the chromatogram, the blue print method of Gordon was 
employed (16).2 The source of ultraviolet light was a 15-watt germicidal lamp 
housed in a deep reflector. The light was mounted 3 to 5 inches above the 
chromatograms and the exposure time was 15 to 30 minutes. The technique 
has much to recommend it: the clarity of the print is excellent, a dark room is 
not required, and the only developer is water. 


Electrophoresis 

Because most of the compounds tested were only sparingly soluble except at 
very high or very low pH values, it was not possible to dissolve them in buffer 
in concentrations suitable for paper electrophoresis. Free electrophoresis was 
therefore performed with the following buffer solutions: 

pH 2 : 0.1 M citric acid; 

pH 7: 0.025 M tris(hydroxymethyl)aminomethane adjusted with hydro- 

chloric acid; 

pH 10 : 0.1 M ammonium hydroxide adjusted with acetic acid. 
The electrophoresis apparatus consisted of a U-tube, 1 cm in diameter and 
25 cm in length bearing a stopcock in the middle. The tube was filled with 
buffer solution in which was dissolved the substance to be tested. Electrical 
connection was made between the electrodes and the buffer solution through a 
potassium chloride —- agar bridge. A potential of 300 volts was applied for 
30- or 60-minute periods. To prevent heating of the contents of the U-tube, 
cold water was circulated through a surrounding jacket. At the end of a run 
the stopcock was closed to separate the two limbs of the U-tube, the current 
was turned off, and the pH and optical density were recorded on the solutions 
in the separate limbs. The pH changes at the end of a run did not exceed 0.4 
unit. 


Spectrophotometry 

A Beckman model DU spectrophotometer was used. Total extinction is 
defined as optical density X volume X dilution at the specified wave length 
and with a 1-cm light path. For recording spectra at different pH values the 
following solutions were used: pH <0, 6 N hydrochloric acid; pH 1, 0.1 N 
hydrochloric acid; pH 5, 10.3 ml of 0.2 M disodium hydrogen phosphate plus 
9.70 ml of 0.1 M citric acid; pH 10, 30 ml of 0.1 M glycine, which was 0.1 M 
in sodium chloride plus 20 ml of 0.1 N sodium hydroxide; pH 11, 25 ml of the 


*We are grateful to Norman Wade Co., Toronto, for making us a gift of medium density 
blue print paper. 

’The lamp was a General Electric product and the reflector (Curtistrip) was obtained from 
Curtis Lighting, Toronto. 
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glycine — sodium chloride solution plus 25 ml of 0.1 N sodium hydroxide; pH 13, 
0.1 N sodium hydroxide; pH 14, 1.0 N sodium hydroxide. 


Nitrogen and Sulphur Analyses 

Prior to analyses, compounds were dried to constant weight in an evacuated 
desiccator over phosphorus pentoxide. Nitrogen was determined by the method 
of Ma and Zuazaga (17). Sulphur was determined by digestion of the samples 
by the Carius method followed by precipitation of the sulphate as the benzidine 
salt (18). The precipitation and washing of the precipitate were performed in a 
centrifuge tube. The precipitate was dissolved in 0.1 N sodium hydroxide and 
the optical density measured at 280 my in the Beckman spectrophotometer. 
Under these conditions it was found that 0.1 mg of sulphur yielded a total 
extinction of 77.3. 


Results and Interpretation 


The Reaction of Guanine with Mustard 

In Fig. 1 may be seen a typical elution pattern of a guanine—mustard reaction 
mixture. The first hundred tubes contained material with a non-specific ultra- 
violet absorption spectrum. The relative proportion of each chromatographic 
fraction was estimated by comparing its total extinction to that of the material 
placed on the column. -The result of this calculation is to be seen in Table I. 


TABLE I 


Percentage yield of fractions obtained by 
chromatography of reaction mixtures 








Chromatographic fraction 








Base Non-specific 1 2 3 4 5 Unaccounted 
Guanine 5 16 16 19 21 19 4 
Adenine 4 7 14 62 7 —_ 6 
Cytosine 7 4 3 26 49 — 11 
Thymine 2 12 51 14 10 — 11 





From each of the fractions a material was isolated and purified and a typical 
preparation yielded the following amounts: fraction 1, 22 mg; fraction 2, 46 mg; 
fraction 3, 100 mg; fraction 4, 54 mg; fraction 5, 64 mg. The precipitates from 
fractions 2 and 3 were crystalline. Fractions 1 and 5 were quite unstable for 
the freshly precipitated white materials soon turned brown. In order to charac- 
terize these materials the following values were determined and are to be seen 
in the tables indicated: the sulphur and nitrogen content, the nitrogen:sulphur 
ratio, and the melting or decomposition points, Table II; the R; values from 
paper chromatography in three different solvent systems (Table III). The 
ultraviolet absorption spectra for each of the materials in 0.1 N hydrochloric 
acid and 0.1 N sodium hydroxide are to be seen in Fig. 2. 

From the spectral and chromatographic data it seems certain that fraction 4 
contained unreacted guanine. It was, however, contaminated with unknown 
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TABLE II 
Melting points and nitrogen and sulphur analyses for the mustard derivatives of guanine 
Moles nitrogen 
Material Melting point, °C % nitrogen % sulphur Moles sulphur 
Fraction 1-11* 255-264 — — ~ 
Fraction 1-12 Darkens, 257-270 a — — 
al Fraction 1-13 — — Approx. 14.5 —- 
Fraction 2-11 200-205 24.3 12.5 4.44 
g; Fraction 2-12 192-198 23.8 12.3 4.36 
mn Fraction 3-11 289-292 25.7 12.9 4.55 
Fraction 3-12 Darkens, >300 25.4 12.1 4.80 
or Fraction 4-11 >300 39.5 3.05 29.6 
- Fraction 4-12 Darkens, >300 19.3 2.20 20.0 
Fraction 5-11 Darkens, >300 26.8 9.88 6.20 
n Fraction 5-12 Darkens, >300 26.5 9.75 6.22 
Ir *Fraction 1-11 = fraction 1 from experiment 11, fraction 1-12 = fraction 1 from experiment 12, etc. 
m 
1e material as seen from the presence of sulphur and from the low nitrogen content 
ic (found 19.3% and 39.5%; theory requires 46.3% nitrogen). The contaminant 
is probably a decomposition product of the mustard because it does not show 
4 up as a separate ultraviolet absorbing spot in any of the three chromatographic 


systems nor does it modify the characteristic guanine spectrum. 
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TABLE III 
Ry, values for guanine and its mustard derivatives* 








Solvent 


NH,OH - isopropyl HC] - isopropyl] 
Material alcohol alcohol 86% butanol 


Guanine 0.13-0.14 0.18-0.22 0.13 
Fraction 1-12+ 0.52 0.60 0.57 
Fraction 2-12 0.31 0.46 0.26 
Fraction 3-12 0.20,0.28 0.37,0.44 0.19, 0.28 
Fraction 4-12 0.14 0.18 0.13 
Fraction 5-12 0.02 _- S.M.t 











*Multiple values mean multiple spots. 
tFractions numbered as in Table II. 
tS.M. stands for slight movement. 


Under our reaction conditions it seemed probable that reactions of the 
following type would occur: 


CH2*CH2*CI 


F il 


s 
CHa CHa ° CI CH2-CHp-Cl 


CH, 
Zoe + guanine —» CI+CH>-CH,+S-CH,*CH,+ guanine + HCI 
HOH 
CH, -CHp-Cl 
HO+CHo*CHo-S+CHo°CH,: guanine + HCI 

The points of attachment of the mustard radical could be the amino group, 
the hydroxyl group, the imidazole group, or one of the ring nitrogens. The 
compound formed in the last case could be produced by replacement of a 
hydrogen or by reaction through an unshared pair of electrons to yield a 
quaternary nitrogen. All the compounds would be expected to contain 27.5% 
nitrogen, and 12.5% sulphur and would have a nitrogen:sulphur molar ratio 
of 5. The analytical values found for fractions 2 and 3 (Table II) approach 
the theoretical values sufficiently closely to make the postulated structure 
probable. The values found for fraction 5 are sufficiently different from those 
of the proposed molecule that fraction 5 must be considered to have a different 
structure or to be impure. The various samples of fraction 1 which were ob- 
tained were either very small or were used up for different purposes and thus 
only a single sulphur estimation was obtained. The fact that all compounds 
isolated contained sulphur suggests that they were all formed by some type 
of condensation of mustard gas with the purine. 

In order to gain knowledge about the number and nature of the ionizing 
groups in the mustard—guanine compounds their ultraviolet absorption spectra 
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Fic. 2. Ultraviolet absorption spectra of the guanine fractions in 0.1 N hydrochloric 
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were examined at pH <0, 1, 5, 10, 11, and 13. Fraction 4 behaved in the same 
way as guanine at all pH values suggesting further that the contaminant is not 
a purine derivative. The spectral behavior of the other fractions showed that 
each contained a group which ionized in strong acid, presumably a ring nitrogen 
(19). Each of the fractions contained a group which ionized between pH 1 
and pH 5 and which could be an amino (19) or an imino‘ group. Finally, each 
fraction contained a group which ionized at about pH 10 but a further group 
ionizing at a more alkaline pH was not present. This last group could be either 
an hydroxyl or an imidazole group. For example, in guanosine, which has no 
ionizable imidazole group, the pK of the hydroxyl group is 9.2 (19); in adenine, 
which has no hydroxyl group, the pK of the imidazole group is 9.8 (19). Thus, 
the effect of the alkylation by the mustard has been to abolish the ionization of 
the hydroxyl or the imidazole function of guaniie. This could have been 
accomplished by the direct alkylation of the group, or by the alkylation of a 
ring nitrogen which would destroy the alkali induced keto:enol tautomerization 
of the hydroxyl group. The available information does not allow one to specify 
the type of alkylation that has occurred in each compound. It can be con- 
cluded, however, that the amino group has not been alkylated; otherwise, two 
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groups ionizing in an alkaline medium would have been present.‘ 

If a quaternary compound were formed in the reaction of sulphur mustard 
with guanine it should be demonstrable by electrophoresis. For such com- 
pounds, the charge would be predicted as follows: at or below the pH at the 
acid end of the amino titration a 2(+) charge would be present. With increas- 
ing pH the charge would decrease to 1(+) at the alkaline end of the amino 
titration, remain 1(+) until neutralized by the negatively dissociating hydroxyl 
group, and finally become 1(—) at the alkaline end of the imidazole titration. 
By means of the free electrophoresis described under Methods it was found that 
all five of the guanine—mustard fractions behaved as if no quaternary group 
was present. At pH 2, the optical density of the solution on the negative side 
of the cell increased and on the positive side it decreased. The reverse of this 
was found at pH 10, whereas at pH 7 no change occurred in either side of the 
cell. 

As a further means of characterization the precipitability of the fractions by 
silver ions was measured and the result is to be seen in Table IV. The precipi- 
tate and supernatant from fraction 3 were purified by cation exchange chro- 
matography and were subjected to spectral and chromatographic analysis. 


TABLE IV 


Formation of silver precipitates by guanine 
and its mustard derivatives 








Material % ultraviolet-absorbing material precipitated 


Guanine 100 
Fraction 1 36 
Fraction 2 0 
Fraction 3 72 
Fraction 4 100 
Fraction 5 100 








The results have been incorporated in Table V. It is concluded that fraction 3 
contains two components. Fraction 1 was not similarly treated because the 
amount available was too small. 

Assuming that fraction 1 contains two components, the number of mustard 
guanine derivatives formed appears to have been six, i.e., fraction 1, two 
derivatives; fraction 2, one derivative; fraction 3, two derivatives; and fraction 
5, one derivative. 


The Reaction of Adenine with Mustard 

The elution chromatogram of an adenine—mustard reaction mixture is illus- 
trated in Fig. 1. The first 90 tubes contained material possessing a non-specific 
ultraviolet absorption spectrum. By comparing the total extinction of each 
chromatographic fraction with that of the material placed on the column the 


42-Methylamino-6-hydroxypurine was titrated gee ep (20) and the approxi- 
mate values found were pK, = 3.6, pK2 = 9.9,and pK; = >12. The compound was obtained 
as a gift from Dr. Gertrude Ellion, Welcome Laboratories, Tuckahoe, N.Y. 
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Fic. 3. Ultraviolet absorption spectra of the adenine fractions in 0.1 N hydrochloric 
acid @ and in 0.1 N sodium hydroxide O. 


relative proportion of each fraction was estimated, as seen in Table I. The 
amounts of materials isolated from the chromatographic fractions were the 
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following: fraction 1, 63 mg; fraction 2, 45 mg; fraction 3, 212 mg; fraction 4, 
35 mg. The last material turned brown on standing. The absorption spectra 
of the various fractions in 0.1 N hydrochloric acid and 0.1 N sodium hydroxide 
are to be seen in Fig. 3 while the Ry values obtained for the fractions in three 
different solvent systems are recorded in Table VI. From these data it is 


TABLE VI 
Ry; values for adenine and its mustard derivatives* 








Solvent 


NH.OH - isopropyl HCl - isopropyl 
Material alcohol alcohol 86% butanol 


Adenine 0.42 0.36 0.50 
Fraction 1 0.71,0.55 0.79, 0.73,0.58 0.80 
Fraction 2 (crystalline) 0.57 0.52 0.61 
Mother liquor, fraction 2 0.57,0.31 0.51,0.48 0.58, 0.35,0.21 
Fraction 3 (crystalline) 0.46 0.36 0.50 
Mother liquor, fraction 3 0.46, 0.56 0.36, 0.42, 0.46, 0.62 0.46 
Fraction 4 0.18 0.17 0.24 











*Multiple values mean multiple spots. 


apparent that fraction 3 contains the unreacted adenine. The paper chroma- 
tography of the individual fractions suggests a total of nine different compounds 
besides adenine but some of these are probably artifacts produced during the 
isolation procedures. For example, the paper chromatogram of the mother 
liquor of fraction 2 in the butanol system yielded three spots with widely 
differing R; values. It is not likely that these three materials would have been 
obtained together during column chromatography. When the unfractionated 
reaction mixture was examined by means of paper chromatography seven spots 
besides adenine were noted. 

The compound isolated from fraction 2 melted at 175°-177° C. As with the 
guanine-mustard compounds it was assumed that this substance might consist 
of adenine with a 2-(@-hydroxyethylthiol)-ethyl radical (—CHe.CH2.S.CH:- 
CH,OH) attached to it. Such a compound would contain 29.3% nitrogen 
and 13.4% sulphur with a nitrogen:sulphur molar ratio of 5. The analyses 
gave the values 29.5% nitrogen and 13.7% sulphur and a ratio of 4.92 and it 
was concluded that the assumption about the chemical nature of this compound 
was correct. The spectral absorption of the adenine—mustard compound re- 
mained unchanged through the pH range 8 to 13. The spectrum of adenine in 
this range changes in response to the ionization of the imidazole group. Hence, 
in the adenine—-mustard compound the replaceable imidazole hydrogen has 
been substituted. This conclusion was confirmed by the inability of the 
adenine—mustard compound to form a silver precipitate. Because of the 
resonating character of the imidazole ring of adenine, a choice had to be made 
between the N; and Ng positions of adenine as the site of alkylation. Gulland 
and Holiday (21) established the position of the sugars in purine nucleosides by 
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comparing their ultraviolet absorption spectra with those of known methyl- 
substituted purines. Comparison of their data with our values (Table VII) 


TABLE VII 


Spectral data for adenine and various substituted adenines 








Alkali Acid 





Amax Amin Amax Amin 
Compound (mp) (mp) 


Adenine 269 237 263 229 
Adenosine 260 227 257 230 
7-Methyl adenine 269 _ 269 236 
9-Methyl adenine 260 227 260 227 
Adenine—mustard 261 228 259 231 








permits the conclusion that the mustard has alkylated the Ny, position of 
adenine. From these results the formula to be assigned to the compound is 
the following: 

NH 


n> N 
L 
— 
’ \ entg-CHp-S*CH,-CH,OH 
The Reaction of Cytosine with Mustard 

The elution pattern for the cytosine-mustard reaction mixture is shown in 
Fig. 1. The material in tubes 1 to about 125 had a non-specific ultraviolet 
absorption spectrum. An estimate of the relative proportion of each chroma- 
tographic fraction is given in Table I. The small peak occurring between 
fractions 3 and 4 was shown by paper chromatography to be a “‘tail’’ of fraction 
3. Similarly the material eluted beyond tube 300 was shown to be a “tail” of 
fraction 4; that is, these tubes did not contain additional compounds. 

The crystalline materials isolated from fractions 3 and 4 weighed 100 mg 
and 159 mg respectively. Spectral and chromatographic data for the materials 
isolated from the chromatographic fractions are recorded in Fig. 4 and Table 
VIII respectively. It is apparent that fraction 4 contains unreacted cytosine. 
Fraction 3 appears to contain a single substance while fraction 1 contains a 
distinct substance and a trace of the material from fraction 3. Fraction 2 
contains a distinct substance but it is contaminated with the materials from 
fractions 3 and 4. A paper chromatogram of the unfractionated reaction mix- 
ture revealed the presence of yet another component which, in the aqueous 
butanol system, remained near the origin. Presumably it was not eluted from 
the column and could account for the remaining 11% of the reaction mixture 
(Table I). It is concluded that at least four different products are produced by 
the reaction of cytosine with mustard gas in an alkaline medium. 

The compound isolated from fraction 3 was found to contain 19.7% nitrogen 
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; NH,OH - isopropyl HCI - isopropyl 
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n2 Cytosine 0.24 0.32 0.39 
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*Multiple values mean multiple spots. 
tVery faint spot. 


and 13.5% sulphur, giving a nitrogen:sulphur molar ratio of 3.34. For the 
theoretical compound consisting of cytosine with a 2-(8-hydroxyethylthiol)- 


gen ethyl radical attached to it, the respective values are 19.4% and 14.8% and 
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a ratio of 3. The melting point of the compound after recrystallization from 
ethanol was 113°-122° C. The compound first gave up its solvent of crystal- 
lization, dried, and then melted. The spectrum of the compound was found to 
remain unchanged beyond pH 7. Cytosine, by contrast, exhibits a distinct 
alkaline spectrum which corresponds to the ionization of the hydroxyl group. 
This means that the hydroxyl group in the cytosine—-mustard compound has 
been blocked either by the direct alkylation of the group or by the alkylation 
of a ring nitrogen which would abolish the keto-enol tautomerization of the 
hydroxyl group. The former alternative seems more likely because under the 
strongly alkaline reaction conditions employed the cytosine would have 
reacted in the enol form with the mustard. 


The Reaction of Thymine with Mustard 

The separation obtained by elution chromatography is shown in Fig. 1 and 
an estimate of the relative proportion of each chromatographic fraction is given 
in TableI. Theattempt to isolate the components of the fractions (see Methods) 
was unsuccessful. Elution from charcoal columns was incomplete and the 
eluates became yellow-colored when concentrated by vacuum distillation. 
However, the concentrated fractions obtained in this way were chromato- 
graphed on paper with the usual three solvents. Fraction 2 had the same Ry, 
values as thymine. The other fractions yielded multiple spots, several of which 
were obviously artifacts of isolation. Because of the very obvious impurity of 
the concentrated fractions, meaningful descriptive data could not be obtained 
from them. When the crude reaction mixture was chromatographed on paper 
using the butanol—water system, only three materials besides thymine were 
observed. Since the same number of fractions was obtained by anion exchange 
chromatography it seems likely that three major components are produced in 
the reaction of thymine with mustard. Before more can be learned about the 
reaction of thymine with mustard gas, a better method for separating and 
isolating the components will have to be devised. 
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RELEASE OF HISTAMINE AND 5-HYDROXYTRYPTAMINE FROM 
CELLS OF THE PERITONEAL FLUID OF RATS' 


H. GarciA-AROCHA? 















Abstract 


Cell suspensions from the peritoneal cavity of rats are suitable preparations for 
the study of the release of physiologically active substances. The mast cells in 
these suspensions contain most of the histamine and 5-hydroxytryptamine, and all 
the extractable heparin. When subjected to incubation in the presence of base- 
type histamine liberators, lytic substances, dilution with distilled water, or 
freezing and thawing, histamine and 5-hydroxytryptamine are quantitatively re- 
leased. The release of histamine and 5-hydroxytryptamine by histamine liberators 
is pH-and temperature-dependent. The release of these amines by procedures not 
involving the rupture of primary chemical bonds provides evidence that both 
amines are enclosed in a diffusible form or loosely bound, within the cell structure. 


Introduction 


Benditt, Wong, Arase, and Roeper (1) have shown that mast cells from the 
peritoneal fluid of rats contain significant amounts of histamine, 5-hydroxy- 
tryptamine (5-HT), and heparin. In the present study, suspensions of peri- 
toneal cells were used to assess the factors concerned in the release of these 
active substances. This preparation has certain advantages over intact tissues, 
i.e. it contains no plasma and relatively little non-specific tissue material; 
comparable aliquots are easily secured and the time course of release is not 
complicated either by delay in penetration of the releasing agent or in outward 
diffusion of the mast cell constituents. This report deals with the effect of 
histamine liberators and of some physical agents upon these cell suspensions. 


























Methods 


Collection of Cells 

Cells were obtained from male albino rats (150-250 g) by a modification of 
the method of Padawer and Gordon (2). Ten milliliters of isotonic (0.32 M) 
sucrose was injected into the peritoneal cavity followed by gentle massage of 
the abdominal wall. The fluid was aspirated with a Kahn serum transfer 
pipette, collected into chilled plastic tubes, and centrifuged in the cold at 600 g. 
The cells were washed twice and finally suspended in 8-12 ml of either Tyrode’s 
solution or isotonic sucrose. In each experiment the cell suspension used repre- 
sented a pool from the peritoneal cavity of 6-12 rats. The harvested cells 
included mast cells, mesothelial cells, lymphocytes, polymorphonuclears, and 
some red cells. 
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Incubation Procedure 

One-milliliter aliquots of the cell suspension were routinely pipetted into 
4 ml of Tyrode’s solution buffered at the required pH and containing the desired 
concentration of releaser. An additional tube with 1 ml suspension and 4 ml 
Tyrode’s medium served as control. All the samples were placed in 12-ml 
plastic centrifuge tubes, stoppered, and incubated in a Dubnoff Metabolic 
Shaker. At the end of the incubation period, a control mixture was prepared to 
determine the amount of free histamine originally present and all tubes were 
then centrifuged at 8000 g for 45 minutes in a Servall refrigerated angle centri- 
fuge. The supernates were decanted and saved for histamine and 5-HT assays. 
Aliquots of additional mixtures were used to determine the total histamine and 
5-HT present in these preparations. The latter was extracted with acetone 
following the procedure described by Amin, Crawford, and Gaddum (3). 
Histamine extraction was accomplished by merely heating the corresponding 
aliquot in the boiling bath for 3 minutes. 


Assays 

Histamine was assayed on the guinea pig’s ileum and 5-HT on the atro- 
pinized rat’s uterus; all values refer to base. Heparin was assayed on the basis 
of its antithrombin activity in phenol-treated samples (4). 


Histamine Liberators 
The drugs used were compound 48/80, a condensation product of p-methoxy- 
phenyl-ethyl-methylamine with formaldehyde (5), 1,10-diaminodecane (DA), 
pentamidine, stilbamidine (6), d-tubocurarine (7, 8), and toluidine blue (9). 
Other procedures are described in the text. 


Results 


Effect of Cell Fractionation 

Cell fractionation was achieved by the density gradient technique described 
by Glick et al. (10), which involves layering the peritoneal cells on the top of 
a high density medium followed by centrifugation at 110 g for 5 minutes. The 
gradient tube contained three different sucrose solutions, whose molarities were 
0.80, 0.96, and 1.28 respectively. The findings at the end of the centrifugation 
period are summarized in Fig. 1. The values given are typical and indicate 
that there is a strict correlation between the number of mast cells and the 
amount of extractable amines and heparin in the different layers. 

In my hands, this method resulted in the loss of a large fraction of histamine 
and 5-HT from the cells into the medium during the separation procedures. In 
point of fact, after the mast-cell-rich layer was removed and the cells were 
resuspended in isotonic sucrose,‘the cells were always found to have lost over 
80% of both histamine and 5-HT, even though most of them were apparently 
intact when examined under the microscope. It seems as though the passage 
through the high density medium followed by a return to isotonic conditions is 
a physical procedure severe enough to set free most of these two amines en- 
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closed within the cells. For this reason, in all experiments to test the histamine- 
and 5-HT-releasing properties of different compounds, the whole cellular 
suspension was used without attempting to separate the mast cells from the 
other cell types present in the peritoneal fluid. Under these conditions, about 
85% of the histamine and over 90% of the 5-HT initially present in the 
harvested fluid are retained in the washed cellular fraction. This can be seen 
in Table I, which reproduces the findings in one of the routine preparations. 





ASPECT 






CYTOLOGY EXTRACTABLE % DISTRIBUTION 
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Fic. 1. Distribution of peritoneal cells in the gradient tube after centrifugation at 110 g 
for 5 minutes. Relation between the number of mast cells (M.C.) and the amount of 


extractable amines and heparin in the different layers. Cells from peritoneal cavity of 1 rat 
(226 g). 






TABLE I 


Fractions of histamine and 5-HT lost during the routine preparation 
of a cell suspension. Values correspond to cells harvested from 
the peritoneal cavity of three rats (average weight 240 g) 








% distribution 


















Hist. 5-HT 
Material assayed (ug) (ug) Hist. 5-HT 
Supernate, initial centrifug. 9.1 0.16 10.0 7.4 
Supernate, 1st wash. 3.2 3.§ 
Supernate, 2nd wash. 1.6 ‘7 
Cells 77.0 2.0 84.8 92.6 

















Effect of Basic Histamine Liberators 

The incubation of cell suspensions in the presence of histamine liberators, 
at concentrations ranging from 60 ug/ml to 500 ug/ml caused the release of 
both histamine and 5-HT. The time course of release was examined in experi- 
ments with 1,10-diaminodecane (DAw) and compound 48/80. The discharge 
was of the “explosive ’’type: 60% of histamine and 40% of 5-HT were set free 
in the first 10 minutes, after which the release proceeded more or less linearly. 
This is in contrast with the pattern seen in liver homogenates (11, 12) where 
“explosive” release does not occur (Fig. 2). The time course of release was 
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Fic. 2. Histamine release from liver cell particles (heavy granule fraction) and from 
peritoneal cell suspension in the presence of DAio at a final concentration of 200 ug/ml. 


usually not the same for the two amines (Table II). In the absence of any 
liberator drug, or in the presence of DAjo, histamine was always released some- 
what more rapidly than 5-HT (Fig. 3). In the presence of toluidine blue, 
d-tubocurarine, stilbamidine, or pentamidine, 5-HT was released more rapidly 
than histamine. 


TABLE II 


Release of histamine and 5-HT from cell suspensions by various 
histamine liberators in Tyrode, pH 8, and 37° C 








Incub. % released 
Conc. time 
Compounds (ug/ml) (min) Hist. 5-HT 


48/80 30 100 
DAjo (1,10-diaminodecane) 30 60 
Toluidine blue 60 82 
d-Tubocurarine 60 85 
Stilbamidine 60 90 
Pentamidine 60 90 
Note: In the absence of releaser, the discharge of histamine was less than 20% in the first 30 


minutes and no more than 28% at the end of 1 hour. In similar conditions, the discharge of 
5-HT was always less than 12% after 60 minutes’ incubation. 











The liberation of histamine and 5-HT from the cell suspensions proved to be 
temperature-, pH-, and concentration-dependent. The rate of release by 60 
ug/ml 48/80 is usually sufficient to set free all the histamine and 5-HT within 
30 minutes at pH 8 and 37° C. Doubling the liberator concentration approxi- 
mately doubles the rate of release? This rate is significantly decreased when the 
incubation medium is buffered at lower pH levels (Fig. 4). These observations, 
in conjunction with previous findings with liver homogenates (12), emphasize 
the necessity of a careful determination of the pH of the medium in tests 
designed to assess the effects of added drugs on histamine and 5-HT release. 
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Fic. 3. Histamine and 5-HT release from peritoneal cell suspension incubated with 
DAno (200 ug/ml) at 37° C, pH 8. 
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Fic. 4. Effect of pH on histamine and 5-HT release from peritoneal cell suspensions 
incubated at 37° C with compound 48/80 (60 ug/ml). 


Microscopic observation at the end of the incubation period revealed striking 
changes in the mast cells’ morphology. A large number of cells appeared 
disrupted with their granules extracellular and arranged in clumps. This picture 
of devastation was particularly evident after treatment with compound 48/80. 
Mota, Beraldo, and Junqueira (13) as well as Fawcett (14) have reported 
similar observations on the action of 48/80 upon tissue mast cells of the rat. 


Effect of Distilled Water, Freezing and Thawing, and Lytic Agents 
In every preparation, dilution of the cell suspension with 8-10 volumes of 
distilled water resulted in 80 to 90% release of histamine and 5-HT within 
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10 minutes at room temperature. In several preparations, the rate of 5-HT 
liberation seemed somewhat slower than that of histamine; for example, dilu- 
tions at 4° C resulted in the release of over 50% of the histamine in the first 
5 minutes, but only 25% of the 5-HT. 

Freezing and thawing the buffered cell suspensions five consecutive times 
quantitatively released all the histamine and 5-HT. Well-known lytic sub- 
stances such as sodium glycocholate, sodium taurocholate, saponin, and Tween 
40 at final concentrations of 400 ug/ml, after 1 hour incubation at 37° C, were 
also capable of setting free over 60% of the histamine and 5-HT originally 
present in the cell suspensions. 


Effect of Different Treatments on the Heparin Content of the Peritoneal Cells 
Heparin could be efficiently extracted from these preparations by the phenol 
method of Monkhouse and Jaques (4), but neither the base-type histamine 
liberators nor the physical procedures, which were so effective in releasing 
histamine and 5-HT, were capable of freeing any detectable heparin from the 
cells. Experiments were carried out in the presence of DA or 48/80 at final 
concentrations of 400 ng/ml and 200 ug/ml respectively, and the incubation 
period extended to 16 hours at 37° C without any change in the heparin content 
of the cellular fraction. In addition, mass cytolysis induced with distilled water, 
followed by freezing and thawing, did not result in any release of heparin. In 
this case, as well as after thorough grinding of the cells, microscopic observation 
of the sediment, stained with toluidine blue, disclosed that most of the mast 
cell granules were shed but still retained their metachromasia. A prolonged 
grinding resulted in the fragmentation of the granules, but even then the amor- 
phous substance adjoining the fragments, as well as the fragments themselves, 
displayed the characteristic metachromasia seen in fresh preparations. 


Discussion 


Suspensions of free cells from the peritoneal cavity of rats provide a useful 
test object for the study of the factors involved in the release of active sub- 
stances from cellular structures. We have found that suspensions made in 
isotonic sucrose stabilized the enclosed amines better than those made in 
Tyrode, e.g. when stored overnight at 0° C more than half of the amines were 
lost in Tyrode, whereas the loss was only 40% when the cells were suspended in 
0.32 M sucrose. The principle introduced with the use of these preparations is 
that the releaser reaches its site of action directly through the cell membrane, 
rather than through the bulk of tissue or by way of the capillaries. 

The main source of histamine, 5-HT, and heparin in these suspensions is 
represented by the mast cells, which account for only 3—7.4% of the total cell 
population of the peritoneal flui@ (15, 16, 17, 18). On a weight basis, it was 
found that these cells are about 30 times richer in histamine than in 5-HT. 
Individual variations were detected and were related to the size or age of the 
rats; within a certain range, there was a constant relationship between the 
weight of the animal and the amount of active amines and heparin in the cell 
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suspension. The supporting evidence that mast cells from the peritoneal cavity 
of rats contain histamine and 5-HT should not lead to the conclusion that both 
amines are similarly concentrated in all the tissue mast cells of this rodent. 
Parratt and West (19) have shown that in the skin of the rat histamine and 
mast cells are concentrated in the deeper layer, whereas 5-HT is mainly in the 
more superficial layer where mast cells are scarce. 

Mast cells rich in both histamine and 5-HT have been described only in mice 
and rats. Sjoerdsma et al. (20) published a study of 5-HT and histamine in mast 
cells of mouse, dog, and man. They found that the solid mast cell tumors 
(mastocytomas) in mice contained large amounts of histamine and 5-HT, while 
in the tumor in dogs only histamine was present in high concentration. The 
same authors showed that the skin from a patient with urticaria pigmentosa 
contained a high level of histamine but insignificant amounts of 5-HT. Trans- 
plantable mastocytomas in the mouse, studied by Furth, Hagen, and Hirsch 
(21) yielded up to 4.2 mg/g histamine and 140 ug/g 5-HT. These values repre- 
sent the highest concentrations of histamine and 5-HT recorded in mammalian 
tissues, apart from carcinoid tumors in which higher concentrations of 5-HT 
have been found. Carcinoid tumors on the other hand contain very little 
histamine and few mast cells. 

All the organic bases tested on the cell suspensions proved to be efficient 
histamine releasers and 5-HT releasers as well. Strictly physical means, e.g. 
freezing and thawing, addition of distilled water, thorough grinding of the 
preparations, as well as treatment with lytic substances, were efficient methods 
of extracting histamine and 5-HT from these peritoneal cells. The effectiveness 
of such procedures in this respect seems to indicate that both histamine and 
5-HT are probably enclosed in a diffusible form, or loosely bound to a cellular 
constituent from which they can be displaced. It seems as though these two 
amines can be released by any procedure that might be expected to damage a 
surface membrane. 

It was of some interest that the release of heparin could never be demon- 
strated unequivocally even under conditions in which all of the histamine and 
5-HT were rapidly set free. In previous studies on dog liver homogenates (22, 
23) we were able to show that not only basic histamine liberators, but also 
treatment with distilled water, or freezing and thawing, released heparin as well 
as histamine from these particle suspensions. Even with this material, however, 
heparin was always discharged more slowly than histamine. Riley (24) has 
emphasized that it is only in the case of the dog’s liver that important amounts 
of heparin gain access to the blood during anaphylaxis or histamine-liberator 
shock. He has suggested that in this organ the anatomical relationship between 
the liver mast cells and the lymphatics favors the escape of released heparin 
from the tissues. The observations just referred to raige another possibility, 
namely that heparin is naturally bound, or easily becomes attached, to some 
tissue component, and that in the dog’s liver mast cells this binding is less firm 
than elsewhere. 
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LIBERATION OF 5-HYDROXYTRYPTAMINE AND HISTAMINE 
IN THE ANAPHYLACTIC REACTION OF THE RAT! 


H. Garcia-AROCHA? 


Abstract 


5-Hydroxytryptamine (5-HT) and histamine were released when antigen was 
added to peritoneal cell suspensions or to the fluid perfusing the small intestine of 
sensitized rats. In parallel experiments with minced uterine tissue the antigen 
failed to release significant amounts of histamine into the suspending medium but 
did release 5-HT. These results, taken in conjunction with the effects of the two 
amines and of their specific antagonists, suggest that the anaphylactic response of 
the rat uterus depends on the release of 5-HT, whereas both histamine and 5-HT 
participate in the anaphylactic response of other rat tissues. 


Introduction 


Recent work has shown that histamine is not the only pharmacologically 
active amine that is widely distributed in rat tissues: 5-hydroxytryptamine 
(5-HT) is also present. Since it is well known that histamine in several mam- 
malian species is located in mast cells and is released in various anaphylactic 
and anaphylactoid reactions, the question has naturally arisen whether 5-HT 
has the same location and is set free by the same agents. Affirmative and 
negative answers have been given. Benditt, Wong, Arase, and Roeper (1) 
reported the presence of both histamine and 5-HT in the mast cells of rat 
peritoneal fluid. Bhattacharya and Lewis (2), in perfusion experiments, tested 
several histamine liberators — drugs known to damage mast cells — and found 
that they released 5-HT as well as histamine. Parratt and West (3), however, 
showed that another histamine liberator, polymyxin B, could deplete rat tissues 
of most of their histamine and most of their mast cells while hardly reducing 
their stores of 5-HT; Reserpine, in contrast, caused loss of 5-HT but not of 
histamine or mast cells. The same authors (3, 4) found that mast-cell numbers 
correlated better with histamine content than with 5-HT content, and they 
concluded that a large part of the 5-HT of rat tissues must be in elements other 
than the mast cells. It is clear that in the other common laboratory mammals, 
except for the mouse, 5-HT is not an important constituent of mast cells. 

Although 5-HT thus differs from histamine in its distribution, it is plain 
that the two substances can often be released together and that the effects of 
their local release present similarities. To some degree one can assess the 
contribution made by the release of either amine to a particular tissue response 
by repeating the test after pretreating the tissue with a drug that either 
specifically antagonizes one amine, or depletes the tissue of it. With the aid 
of such techniques, Rowley and Benditt (5) and Parratt and West (6) have come 
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to the conclusion that 5-HT is mainly responsible for the oedema and itching 
that occur in rats treated with egg-white or dextran. In a similar way Sparrow 
and Wilhelm (7) have analyzed the whealing elicited in the rat by 5-HT or 
48/80, and have concluded that the effect of 5-HT is due, at least in part, to 
the histamine that it releases while the effect of 48/80 may perhaps be ascribed 
to the liberation of both tissue amines. 

The possibility that the release of histamine and 5-HT contribute to anaphy- 
lactic shock in this species has been investigated by Sanyal and West (8), who 
have concluded that neither amine plays a part. The experiments described in 
the present paper show, on the other hand, that tissues of sensitized rats when 
brought into contact with the antigen release one or both of the amines in 
significant amount. 

Methods 

Albino rats of both sexes were used. They were of the Wistar strain and 
weighed 150-200 g. 

Sensitization 

Fresh, filtered horse serum, prepared and kept under aseptic conditions, was 
used as antigen. Two sensitizing doses of 1 ml each were given intraperi- 
toneally on consecutive days. Hypersensitivity to the antigen was induced in 
some of the rats by ‘the intraperitoneal injection of 1 ml of Haemophilus 
pertussis vaccine (phase 1, 210'° organisms) on the first day. All the experi- 
ments were performed 12—14 days after the second sensitizing dose. At this 
time, several animals from each group were challenged with an intravenous 
dose of 1 ml horse serum. The appearance of widespread haemorrhage in the 
wall of the small intestine was taken as evidence of anaphylaxis and therefore 
of adequate sensitization. Isolated organs, or cell suspensions, from the other 
sensitized animals were then removed for study. 

Peritoneal Cells 

These were obtained by peritoneal iavage with isotonic (0.32 M) sucrose. 
Final suspensions were made in Tyrode's solution (NaCl 8 g, KCl 0.20 g, 
CaCl, 0.20 g, MgCl, 0.10 g, glucose 1 g, NaHCO; 1 g, 0.5 M NaH.PO, 0.8 ml, 
and glass-distilled water to 1000 ml) and incubated in the presence of diluted 
horse serum, which had been stored at 5° C for 2-4 weeks. Aliquots from each 
preparation were also used to estimate the total amount of histamine and 5-HT, 
the fraction of these two amines present in the free form, and the rate of release 
during incubation in the absence of horse serum. Control experiments were 
made with cells from unsensitized animals: these were harvested and incubated 
in the same way. Methods for collection of the cells, incubation of the samples, 
and extraction of histamine and 5-HT have been described in the preceding 
paper (9). The cell suspension in each experiment was a pool of samples from 
the peritoneal cavities of 8-10 rats. 


Perfusion of Small Intestine 
Under ether anaesthesia, the abdominal cavity was widely opened, with 
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care being taken to prevent bleeding and to keep the abdominal viscera warm. 
The intestine was transected between ligatures at the upper jejunum and about 
10 cm above the distal end of the ileum. The mesentery and blood supply of the 
intervening portion were kept intact and the superior mesenteric artery and 
portal vein were dissected free from surrounding tissue. After a period of 
warming to allow vascular spasm to subside, a polyethylene cannula was 
inserted into the superior mesenteric artery and perfusion with warm Locke’s 
solution from a reservoir placed 60-120 cm above the animal was started 
immediately. When the intestinal vessels appeared blood-free, a polyethylene 
collecting cannula was tied into the portal vein just distal to its entrance into 
the liver. The preparation was then removed from the animal and transferred 
to a funnel-shaped bath filled with paraffin oil and maintained at 38° C. The 
perfusion pressure was adjusted to give an outflow of 2-3 ml/minute. The 
length of the intestinal strips varied from 42-67 cm (measured after the mesen- 
tery had been removed at the end of the experiment). 


Perfusion of Hindquarters 

The technique in these experiments was similar to that used for the intestine. 
The arterial and venous cannulas were placed in the abdominal aorta and 
posterior vena cava, proximal to the bifurcation of these two vessels. The 
hindquarters were isolated with mass ligatures and separated from the rest of 
the animals. 


Uterine Tissue 


The uterus was dissected free and the two horns were separated. One horn 
was suspended in a bath of Tyrode’s solution and tested for sensitivity to the 
antigen (Schultz-Dale reaction), the other was kept for the experiment. In 
each experiment, eight uterine horns, whose counterparts had shown a positive 
Schultz-Dale reaction, were finely minced with scissors. The combined mince 
was washed twice with Tyrode’s solution and then incubated in the presence, 
or in the absence, of 2% horse serum. 


Bio-assays 

Samples were assayed for histamine on the guinea-pig ileum suspended in a 
7-ml bath of Tyrode’s solution containing atropine (110-7 g/ml), at 30° C 
Mepyramine maleate was used to check the specificity of the action. 

Assays for 5-HT were carried out on the rat colon suspended in a similar bath 
of atropinized Jalon’s fluid at 22° C. 2-Bromo-lysergic acid diethylamide (BOL 
148) was used to test parallel inhibition of the 5-HT standard and samples: 
values for histamine and 5-HT refer in each case to the base. 


Results 
Experiments with Cell Suspensions . 
Peritoneal cells from sensitized rats were exposed to the antigen in seven 
experiments. In each case, the amounts of free histamine and 5-HT found in 
the supernates at the end of the incubation period were expressed as percentages 
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of the total histamine or 5-HT originally present in the suspended cells. A 
correction was made when necessary for 5-HT derived from horse serum used 
as antigen; no such correction was needed in the case of histamine. The results 
are shown in Table I. It is clear that in every experiment the antigen behaved 
as a histamine releaser and as an even more effective 5-HT releaser. 


TABLE I 


Release of histamine and 5-HT from sensitized cells by antigen. 
Cell suspensions incubated in the absence or presence of 
5% horse serum for 30 minutes at pH 7.8-8.0 and 38° C 








Expt. % hist. released % 5-HT released 





Control 14 5 
Antigen 60 90 


Control 12 o 
Antigen 52 86 


Control 15 7 
Antigen 56 100 


Control 8 5 
Antigen 50 88 


Control* 10 5 
Antigen 62 92 


Control** 8 5 
Antigen 60 100 


Control* 16 6 
Antigen 56 100 


*Pretreated with Haemophilus pertussis vaccine. 





The concentration of the antigen proved to be quite decisive for the release 
of the two amines. For example, dilutions of horse serum at 1:10, 1:50, 1:100, 
1:1000, and 1:10,000 repeatedly failed to produce any recognizable effect on 
these preparations, and it was only after many attempts in which different 
concentrations were tested at random that the critical dilution of 1:20 was 
finally discovered. Adjusting the concentration to 1:25 or to 1:15 was sufficient 
to reduce the effectiveness of the antigen as a releaser of tissue amines. 

Microscopical examination of the peritoneal cells, before and after the incu- 
bation with the 1:20 serum, revealed striking changes. Before the incubation, 
most of the cells were intact and their structures were brightly stained, whereas 
at the end of the experiment large numbers of cells appeared to be disintegrated: 
a picture particularly evident in the case of many mast cells whose granules 
were shed and grouped in clumps. Disruption of eosinophiles and macrophage- 
like cells was also observed, but to a lesser extent. 

Similar experiments were done on cell suspensions from unsensitized rats. 
Table II shows that horse serum, at the same concentration as that used in the 
previous experiments, failed to release significant amounts of histamine. The 
release of 5-HT was apparently promoted to a small extent by the foreign 
serum, since the values for the free amine were significantly (P<0.05) above 
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TABLE II 


Effect of horse serum on peritoneal cell suspensions from 
unsensitized rats. Conditions of incubation as in Table I 








Expt. % hist. released % 5-HT released 
Control 12 6 
Horse serum 10 11 


Control 14 7 
Horse serum 18 12 


Control 8 4 
Horse serum 8 9 


Control 10 6 
Horse serum 6 10 








control levels, but the effect was slight compared to that observed with sensi- 
tized cells. 


Experiments with Perfused Tissues 

Six small-intestine preparations from sensitized and four from unsensitized 
rats were perfused with Locke's solution. Samples of venous effluent were 
collected at minute intervals. After a control period of 10-20 minutes, 0.3 ml 
of horse serum was injected into the perfusion stream near the arterial cannula 
and the flow was stopped for 45 seconds. (This allowed more time for the 
antigen to diffuse into the tissue.) Such interruption of the flow in the absence 
of horse serum caused no discharge of 5-HT and no change in the rate (<0.015 
ug/minute) of histamine output. 

In preparations from sensitized rats, the intra-arterial injection of 0.3 ml 
horse serum always resulted in the release of substantial quantities of histamine 
and 5-HT (Table III). The discharge of both amines was abrupt in onset, 
reached its -peak within 2 minutes after the injection of antigen, and was 
usually completed in 10 minutes. It was always accompanied by increased 
movement of the intestinal loop. The time course of the release in a typical 
experiment is shown in Fig. 1. In this experiment and in all the others a second 


TABLE III 


Release of histamine and 5-HT from perfused 
intestine of sensitized rat by antigen 
0.3 ml horse serum) 








Total in perfusate from 
“‘shocked”’ intestine 


Hist. 5-HT 
(ug) (ug) 


0.89 0.39 
0.55 0.13 
0.86 0.16 
0.42 0.12 
0.83 0.13 
0.34 0.11 
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injection of horse serum failed to release either histamine or 5-HT or to increase 
the movements of the gut: the preparation was apparently completely desensi- 
tized to the antigen by the first injection. 


ug/min 


~~ | SMALL INTESTINE 


RELEASE 




















oO 10 20 30 
O.3mI MINUTES O.3mi 
HORSE SERUM HORSE SERUM 


Fic. 1. Small intestine from sensitized rat. At 0- and 20-minute injection of horse 
serum, flow stopped and resumed after 45 seconds. Open blocks = histamine; shaded 
blocks = 5-HT. 


Somewhat different results were obtained when the intestine, instead of being 
challenged with a single injection, was steadily perfused with the antigen. 
Switching of the perfusion from Locke’s solution to 2% horse serum in Locke's 
solution resulted in a prolonged output of histamine and 5-HT. In contrast 
with the earlier series of experiments, the discharge was less abrupt, reaching its 
peak after 15 minutes, and lasting for over 30 minutes. Another feature of this 
type of experiment was that, in many instances, the release of 5-HT tended to 
precede that of histamine (Fig. 2). 

Experiments of the latter type were also made with the perfused hindquarters 
preparations and gave very similar results. In this case also the release of 5-HT 
from sensitized tissues tended to precede the release of histamine (cf. Fig. 3). 

Neither histamine nor 5-HT was released when horse serum was added to the 
fluid perfusing similar preparations from unsensitized rats. In several experi- 
ments of this kind 2% horse serum was used as perfusion fluid and after a con- 
trol period, an injection of the histamine liberator 48/80 (10) was given intra- 
arterially. The results of one such test are shown in Fig. 4. Here, 200 yg of 
48/80 discharged considerable amounts of histamine and 5-HT, whereas horse 
serum was completely ineffective in releasing either amine from the preparation. 


Experiments with Uterine Fragments 

Minced uterine tissue from sensitized rats, after being washed with Tyrode's 
solution, was incubated at 38° C and pH 8.0 for three consecutive periods of 
15 minutes. During the first period the tissue fragments were exposed only to 
Tyrode’s solution ; in the last two periods they were exposed to 2% horse serum 
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SMALL INTESTINE 


ug/min 2% HORSE SERUM 2 
0.04¢- 








RELEASE 











MINUTES 


HINDQUARTERS 
2% HORSE SERUM 


RELEASE 











° 10 20 30 


MINUTES 


Fic. 2. Small intestine from sensitized rat. At 0 time perfusion was from Locke's 
solution to Locke’s solution containing 2% horse serum. The discharge of 5-HT preceded 
that of histamine. Open blocks = histamine; shaded blocks = 5-HT. 

Fic. 3. Hindquarters from sensitized rat. At 0 time perfusion was transferred from 
Locke’s solution to Locke’s solution containing 2% horse serum. Output of 5-HT started 
before that of histamine. Open blocks = histamine; shaded blocks = 5-HT. 


in Tyrode’s solution. At the end of each incubation period the preparation was 
centrifuged in the cold at 10,000 g for 10 minutes, and the supernate was 
decanted and saved for assay. In six out of eight experiments, the first treat- 
ment with 2% horse serum resulted in a discharge of 5-HT into the incubation 
fluid. However, when the preparation was exposed to a second contact with 
horse serum no further discharge of 5-HT occurred. As in the case of the 
perfused intestine, the first exposure to the antigen appeared to ‘‘desensitize”’ 
the tissue fragments completely. Details of the incubation procedure and the 
results of these experiments are given in Table IV. 

In these experiments small amounts of free histamine were also detected, but 
curiously enough the concentration of this amine in the supernate was not 
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min 
»9/' SMALL INTESTINE 


4 200 yg 48/80 


RELEASE 














20 30 
MINUTES 


Fic. 4. Perfusion with 2% horse serum in Locke’s solution began at 0 time. At arrow, 
injection of 200 ug 48/80 into arterial cannula. Open blocks = histamine; shaded blocks 


= 5-HT. 
TABLE IV 


Effect of incubation with antigen on the release of histamine and 5-HT from uterine 
fragments of sensitized rats. Incubation periods 15 minutes at 38° C, pH 8 








ist incub. period 2nd incub. period 3rd incub. period 
(Tyrode) (2% h. serum) (2% h. serum) 


Expt. Hist. 5-HT Hist. 5-HT Hist. 5-HT 
No. (ug) (ug) (ug) (ug) (ug) (ug) 


0.015 <0.010 0.020 0.180 0.022 <0.010 
0.030 <0.010 0.035 0.260 0.035 <0.010 
0.035 <0.010 0.035 <0.010 0.030 <0.010 
0.020 <0.010 0.020 0.220 0.025 <0.010 
0.016 <0.010 0.016 0.160 0.020 <0.010 
0.042 <0.010 0.040 <0.010 0.030 <0.010 
0.025 <0.010 0.020 0.245 0.020 <0.010 
0.040 <0.010 0.035 0.126 0.030 <0.010 


Note: At the end of each incubation period the preparation was centrifuged in the cold at 10,000 g 
for 10 minutes, and the supernate decanted and saved for assay. 











significantly changed by contact of the tissue with serum. The total amounts 
of 5-HT released from these preparations ranged from 0.126 yg to 0.260 ug. 
In four similar experiments, using uterine fragments from non-sensitized rats, 
the addition of horse serum caused no discharge of either histamine or 5-HT 
into the suspending media. 


Experiments on the Intact Animal 

In generalized anaphylaxis the liver is the dominant organ in the dog, the 
lung in the guinea pig. In the rat the “shock organ’”’ is the small intestine. Its 
reaction is characterized by a massive haemorrhagic infiltration of the mucosa 
and submucosa, with often the appearance of blood in the lumen. This effect 
involves most of the small intestine but the duodenum and terminal ileum are 
spared. It is not easy to assess how far the release of histamine and 5-HT may 
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contribute to the reaction. An attempt was made to get information on this 
point with the aid of antagonists believed to be more or less specific for the 
respective amines. Mepyramine maleate was chosen as antihistamine, BOL 148 
as antagonist of 5-HT, and Chlorpromazine as antagonist of both. Five groups 
of 16 rats each, sensitized to horse serum, were challenged with 1 ml of the 
antigen given intravenously. Twenty minutes before the challenge, the animals 
were treated as follows: group 1, Mepyramine 8 mg/kg; group 2, BOL 4 mg/kg; 
group 3, Mepyramine 6 mg/kg plus BOL 3 mg/kg; group 4, Chlorpromazine 
2 mg/kg; group 5, controls. All the drugs were given intravenously. The 
animals were killed 4 hours after the injection of horse serum. In the rats which 
received Mepyramine or BOL alone, the haemorrhagic infiltration of the small 
intestine was still present in every case, although it was less severe in most of 
the animals. In animals treated with Mepyramine, the gross haemorrhage 
was replaced by petechial bleeding; in animals treated with BOL 148, areas of 
gross haemorrhage were present but were less extensive than in the control 
animals. Treatment with either the combination of Mepyramine and BOL 148 
or with Chlorpromazine resulted in substantially complete protection of 25% 
of the animals; the other 75% were partially protected. 


Discussion 


(a) Anaphylaxis in Separated-cell Preparations 

The observation that antigen will release histamine and 5-HT from sensitized 
and washed peritoneal cells recalls the old quarrel between adherents of the 
“humoral’”’ and those of the “cellular” theory of anaphylaxis, the former 
holding that blood-borne antibodies are necessary for the anaphylactic reaction 
and the latter that they are not. In its crudest form the humoral theory was 
disposed of by Dale’s classical demonstration that the anaphylactic contraction 
of smooth muscle could still be demonstrated in isolated tissues washed free of 
blood by perfusion. But it could still be argued that a good deal of plasma 
protein, including humoral antibody, must be present in the intercellular spaces 
of every tissue preparation and would not be removed by perfusion; and modern 
versions of the humoral theory have implicated not only antibody globulin 
but other serum constitutents such as proenzymes or constituents of comple- 
ment (11, 12, 13, 14, 15, 16). Especial interest therefore attaches to all examples 
of anaphylactic phenomena in separated intact cells, which might provide 
material for studying the possible role of humoral factors in tissue immune 
reactions. 

Examples of this sort are not very numerous. Reference may be made to the 
classical phenomena of immune haemolysis, to the release by antigen of hista- 
mine and 5-HT from sensitized rabbit platelets (17), and to the cytotoxic action 
of specific antisera on fibroblasts in tissue culture and dn various body cells 
(18, 19, 20). In all these cases there is evidence that the antibody is rather 
firmly attached to the sensitized cells, but that the antigen-antibody reaction is 
only followed by cell damage if complement is added to the system. 





412 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


In the present case the amount of free serum antibody present must have 
been minute, since (a) the peritoneal cavity contains only a little fluid not very 
rich in protein, and (b) the harvested cells were twice washed with isotonic 
sucrose before being exposed to the antigen. Thus the antigen’s reaction must 
therefore have been with antibody that was fixed within or firmly adherent to 
the cells. Whether this antibody was attached to mast cells or to other elements 
is difficult to say, since the suspensions also included red cells, eosinophiles, 
mononuclear cells mainly of lymphocyte or macrophage types, and large 
mesothelial structures: of these, at least lymphocytes, and plasma cells if 
present, would contain antibody (21). Thus although the amine released as a 
result of the antigen-antibody union must have come from the mast cells, the 
effect on these cells might have been secondary to a release of some agent from 
a different kind of cell which gave the primary response. This possibility can 
only be eliminated by studying the behavior of mast cells in the absence of other 
cells. 

The critical part played by the antigen concentration in the release of amines 
was wholly unexpected. The possibility has not been excluded that the failure 
of antigen, at high concentration, to damage the sensitized cells should be 
ascribed to the presence of some inhibitory substance in the horse serum. It 
would have been desirable to repeat the experiment with a purified antigen. 
On the other hand, it seems quite possible that the exact ratio of antigen to 
antibody may be equally important in the anaphylactic response of an intact 
tissue: i.e. that no cellular reaction occurs until the antigen diffusing toward 
the target cells reaches a concentration stoichiometrically equivalent to that of 
the attached antibody. With a further rise in antigen concentration the com- 
plex would lose its effect but by that time the sensitive cells would have been 
irreversibly damaged. But even if this hypothesis is correct the response of 
the peritoneal cells may not be an exact model for the events in tissue anaphyl- 
axis. In the first place it should be noted that the effective concentration of 1:20 
was rather high: and in the second place it should be recalled that Germuth and 
McKinnon (22) have shown that soluble antigen-antibody complexes produce 
a response like anaphylaxis in unsensitized animals, provided that the antigen 
is present in excess. It is possible that other substances in addition to antibody 
are involved in the fixation of antigen at the surfaces of target cells, and that 
the concentration of these substances is higher in the case of an intact tissue 
than in the case of a suspension of washed peritoneal cells. Finally it should be 
pointed out that the results of the cell suspension tests, in which all the cells 
were suddenly exposed to the same concentration of antigen, might appear to 
imply that antibody was equally distributed to cell target cells. This is an 
assumption without any supportifig evidence, though it might be thought that 
during the preparation of the suspensions, or in the peritoneal cavity itself, 
exchange of antibody between cells might have brought about a more equal 
distribution than that resulting from the original sensitization. 

We have in the past (23) attempted to release histamine by treating with 
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antigen suspensions of subcellular particles prepared from the homogenized 
liver of sensitized dogs. Such suspensions are rich in bound histamine, present 
presumably in granules derived from mast cells. Our results, like those in similar 
experiments by Copenhaver et al. (24) and by Mongar and Schild (25), were 
completely negative, although the particles regularly discharged their histamine 
as a result of contact with basic drugs known to release histamine in the whole 
animal (26). The positive results with suspended whole cells support the con- 
clusion that the integrity of the cell is a necessary condition for the anaphylactic 
release of active amines. The results also indicate that the release of amines does 
not require the presence of any soluble factor derived from the plasma or tissue 
fluid of the sensitized animal. It is of course possible that such a factor might 
operate in vivo to potentiate either the combination of antigen and antibody 
or the tissue injury produced by formation of the complex. 


(b) Effect of Antigen on the Perfused Intestine 

The fact that antigen released histamine as well as 5-HT from the perfused 
intestine of sensitized rats does not necessarily mean that these amines are the 
only factors responsible for the anaphylactic reaction of this organ. However, 
attention may be drawn to two facts which seem to be significant. First, the 
discharge of histamine and 5-HT occurred simultaneously with an increased 
motility of the perfused intestine; a second injection of horse serum did not 
increase the motility. Second, the discharge of histamine and 5-HT took place 
only after the initial injection of horse serum, but never occurred after the 
second injection of the same antigen. 

The results obtained with specific antagonists to histamine or 5-HT, used in 
an attempt to block the haemorrhagic reaction of the small intestine, must be 
interpreted with some caution. However, they indicate that the combination 
of an antihistamine and an anti-5-HT is more effective than the administration 
of either antagonist alone. It should be borne in mind that it is difficult to bring 
an effective concentration of blocking agent to the sites where histamine and 
5-HT are released. The discharge of these amines is explosive and their initial 
local concentration must be extremely high: thus any blocker, to be effective, 
would have to be present at the tissue sites at comparable concentration. This 
condition is unlikely to be fulfilled, even with intravenous injections. Indeed 
the doses of Mepyramine, BOL 148, and Chlorpromazine used in our experi- 
ments were sometimes lethal, causing the death of a few animals within 5 
minutes. The protection observed, though insignificant, might therefore have 
been non-specific. The results are, nevertheless, compatible with the idea that 
both histamine and 5-HT contribute to the severe haemorrhagic reaction of 
the intestine that is the most important component of the anaphylactic reaction 
in the rat. - 

There is little doubt that death in anaphylactically shocked rats results from 
circulatory failure. This is certainly due, at least in part, to the considerable 
loss of blood into the wall and lumen of the small intestine. An additional factor 
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may be loss of plasma as a result of increased permeability of capillaries to 
protein. Several workers have shown that 5-HT is a permeability factor of 
paramount importance in the rat. Rowley and Benditt (5) and Spector and 
Willoughby (27) demonstrated that, on a weight basis, 5-HT is 100-200 times 
more active than histamine; and Sparrow and Wilhelm (7) reported it to be 11 
times as active on intracutaneous injection. These findings, taken in conjunction 
with the fact that 5-HT is released from the ‘‘shocked”’ intestine, suggest that 
this amine may play the preponderant role in the vascular changes occurring in 
the rat intestine during anaphylaxis. There is as yet no histological evidence 
to show whether the escape of whole blood from the vessels is due merely 
to an exaggeration of the familiar increase in capillary permeability seen in 
whealing reactions; but it seems more likely that vascular disruption and cytol- 
ysis, as seen in the Arthus phenomenon and in cases of allergic angiitis, are 
mainly responsible for the blood loss. 

The observation made in some of the experiments with perfused intestines 
that the release of 5-HT preceded that of histamine poses another question. 
Feldberg and Smith (28) have shown that 5-HT is a histamine releaser; conse- 
quently, it is possible that when 5-HT is discharged it might, in its turn, cause 
histamine to be released. However, no evidence exists about whether the 
sequence of events is due to such a mechanism or to a slower action of the 
antigen on the histamine-containing structures. 


(c) Effect of Antigen on Uterine Fragments 


Histamine and 5-HT are normal constituents of rat uterus. Extraction of the 
organ yielded 1.2—1.8 ug of histamine and 0.52-0.95 yg of 5-HT per gram; yet 
when uterine tissue fragments from sensitized rats were incubated in the pres- 
ence of antigen, there was no evidence of histamine release: only 5-HT was 
discharged into the suspending medium. No output of 5-HT was detected 
when the preparation was exposed for a second time. In two experiments, 
determinations were made of the amount of 5-HT left in the uterine fragments 
at the end of the third incubation period. It was found that the fraction released 
represented 26-35% of the total originally present. Hence, the failure of the 
antigen to cause a release on second contact was due to desensitization of the 
tissue rather than to depletion of 5-HT. 

Kellaway (29) long ago drew attention to the fact that the anaphylactic 
reaction of rat uterus is characterized by a contraction, whereas the effect of 
histamine on this organ is to relax it. The rat uterus is so exquisitely sensitive 
to 5-HT that it constitutes one of the most useful preparations for its assay. 
Sanyal and West (30) found that uteri of rats (whether from sensitized or 
unsensitized animals) are at least,1000 times more sensitive to 5-HT than to 
histamine. The same authors reported that BOL 148 completely blocked the 
Schultz-Dale reaction of uterine horns from sensitized rats, whereas Mepyra- 
mine was without effect when tested in similar preparations. All these observa- 
tions, taken in conjunction with the fact that uterine fragments discharge 
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5-HT and no histamine when ‘‘shocked”’ with antigen, suggest that the anaphy- 
lactic response of the rat uterus depends on the release of the former amine and 
that histamine plays no part. 











































(d) Mediators of the Anaphylactic Reaction 

Various authors in discussing the chemical mediators of the anaphylactic 
reaction have emphasized the likelihood of interspecies differences. For ex- 
ample, the release of histamine, which accounts for so many symptoms seen in 
guinea-pig anaphylaxis, does not seem to be such a preponderant factor in the 
same reaction of some other animals. In this respect, the present studies on rat 
anaphylaxis indicate the desirability of testing the antigen in several systems of 
the same animal, for it seems that besides interspecies differences, there are 
also ‘‘intertissue”’ dissimilarities within the same species, here exemplified by 
the different behavior of uterus and small intestine. 

In a recent paper, Sanyal and West (8) reached the conclusion that ‘neither 
histamine nor 5-HT plays a role in the anaphylactic reaction of the rat”. They 
quoted three findings in support of their conclusion: (a) pretreatment of the 
animals with specific antagonists gave little protection; (b) sensitivity was not 
reduced in animals whose tissues had been ‘“‘depleted’’ of histamine and 5-HT, 
and (c) in their hands, no more histamine or 5-HT was released from sensitized 
tissues by antigen than from unsensitized tissues. 

As to the first argument, it should be pointed out that Sanyal and West gave 
Mepyramine (10 mg/kg) and BOL (4 mg/kg) intraperitoneally, a route which 
makes it improbable that these blocking agents reached the spots of histamine 
and 5-HT release in sufficient concentration to produce a significant effect. 
As to the second argument, it must again be emphasized that the small intestine 
is the “‘shock organ” of the rat. In their paper, Sanyal and West do not 
provide any information about the extent to which the intestine was depleted 
of histamine and 5-HT by Reserpine treatment and X-irradiation. Erspamer 
(31) found that Reserpine administered from 1 hour to 6 days before reduced 
the intestinal 5-HT content only to 64% of normal. Eisen et al. (32), using an 
X-ray dosage and a time schedule similar to those stated by Sanyal and West, 
reported that the histamine in the jejunum of irradiated rats fell to 7% of the 
normal value. Therefore, assuming that the rats treated by Sanyal and West 
were the same in other respects as those used by Erspamer and by Eisen, the 
small intestine of their animals at the time of challenge might still have con- 
tained 64% of their original 5-HT and 7% of their initial histamine. As many 
examples (33, 34, 35) show, there is no uniform relationship between the hista- 
mine content of an organ and the amount of histamine it releases under the 
influence of an antigen; and it seems quite likely that in the animals pretreated 
by Sanyal and West the amount of amine released might not have been much 
less than the amount released in the control animals. It may also be recalled 
that Mongar and Schild (34) showed a large release of histamine by antigen 
from intestine previously exposed to 48/80. As to the third argument of Sanyal 
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and West, it can only be stated that the present findings are opposed to theirs; 
in my hands horse serum failed to release histamine or 5-HT from the tissues of 
unsensitized animals under conditions in which it was regularly effective with 
sensitized tissues. While the possibility cannot be excluded that factors other 
than histamine and 5-HT participate in rat anaphylaxis, the evidence strongly 
favors the conclusion that each of these amines plays an important role. 
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QUANTITATIVE CHROMATOGRAPHIC METHODS 
PART 5. AN IMPROVED NINHYDRIN-HYDRINDANTIN REAGENT! 






A. T. MATHEsON,? E. T1GANE, AND C. S. HANES 


Abstract 


An improved ninhydrin-hydrindantin reagent has been developed for the 
quantitative determination of amino acids and peptides separated on filter paper 
chromatograms. This represents a modification of a reagent described earlier, 
which was based in turn upon the well-known solution of Moore and Stein. The 
present reagent has been in use for several years and has shown the advantages of 
high stability, extremely low and steady reagent blank values, and approximately 
stoichiometric yields of Ruhemann’s purple for most amino acids. In addition to 
its use for determinations on excised areas from filter paper chromatograms, condi- 
tions are defined for the use of the reagent for determinations of amino acids in 
solutions. 














Introduction 



























Soon after the publication of Part 1 of this series of communications (1) it 
was found desirable to modify slightly the ninhydrin—hydrindantin reagent 
there described. This reagent had been based on the original solution of Moore 
and Stein (2), one change amongst others being the elimination of stannous 
chloride and its replacement by hydrindantin, a modification proposed inde- 
pendently by Moore and Stein (3). Certain irregularities in the behavior of 
the reagent were encountered and these were traced to the effects of variations 
in the content of hydrindantin during storage. This led to the development of 
a stable reagent with improved properties which has been used extensively 
for the past 4 years here and in some other laboratories, cf. 4. 

The observed variations in the hydrindantin content were found to arise from 
variable oxidation of the added hydrindantin during the actual preparation of 
the solution and from changes which occurred during subsequent storage under 
nitrogen at refrigerator temperature (ca. 5° C). A major initial change was 
caused by a gradual deposition of solid hydrindantin from solution during the 
first week or so of storage, due to the fact that the solution as prepared at room 
temperature was supersaturated at 5° C. A progressive decrease in hydrindan- 
tin concentration, due at first mainly to this cause, was accompanied by pro- 
gressive improvement in the behavior of the reagent. In fact, when used soon 
after its preparation, the reagent showed undesirable features recognized as 
reflecting excessive hydrindantin content; these are that the reagent ‘blank’ 
values tend to be high and somewhat erratic, the color yields with amino acids 
are higher than theoretical, and readings made at intervals after the develop- 
ment of the color show a progressive decrease for 20 minutes or so. The dura- 
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tion of the unsatisfactory initial period varied from one batch of reagent to 
another, depending, apparently, upon the extent of oxidation of the hydrin- 
dantin during the preparation of the solution. The unsatisfactory phase was 
followed by a period during which the stored reagent showed almost ideal 
behavior, characterized by low steady blank values, and approximately 
theoretical color yields for most amino acids with no appreciable decrease of 
the values in time. The useful life of a batch of reagent was terminated after 
3 to 6 weeks by a stage at which the color yields fell significantly below theore- 
tical; here, as was shown subsequently, the hydrindantin content had fallen 
below a certain required minimum level, due probably to imperfect exclusion of 
oxygen from the storage vessel. 

Before this regular sequence of variations and its cause had been elucidated, 
the practice had been adopted of avoiding the use of a freshly prepared reagent, 
and the danger of low results with an old reagent was also recognized. The 
detrimental effect of excessive hydrindantin is due to the fact that hydrindantin 
solutions, on heating, develop a deep red color which disappears only slowly on 
cooling; the persistence of some of this color gives rise to spuriously high values 
for the yield of Ruhemann’s purple, formed in the reaction with amino com- 
pounds. Moore and Stein recognized the effects of this phenomenon in de- 
scribing their 1954 reagent (3) and they recommended that, after the tubes 
were heated and the contents diluted with 50% ethanol, they should be shaken 
vigorously to oxidize the bulk of the residual hydrindantin. This treatment 
was only partly effective with our reagents, and the aim has been to attempt to 
develop a stable reagent free from this interfering effect. 


Chemicals and Equipment 


Ninhydrin, hydrindantin, and ‘methyl-cellosolve’ (ethylene glycol mono- 
methylether) were purchased, prepared, and purified as described earlier (1). 
Glacial acetic acid (Analar) and sodium acetate (Analar) were used as pur- 
chased from British Drug Houses (Canada) Toronto. 

Sodium acetate buffer, 4 N, pH 5.5, was prepared as described by Moore 
and Stein (3). (On dilution with water to 1 N, the pH falls to 5.05 +.05). 

The determinations of amino compounds, whether present in excised ‘spots’ 
from chromatograms or in solution, are now carried out in calibrated test 
tubes, instead of the special L-shaped tubes described earlier (1). Myers-Bailey 
calibrated ‘blood sugar’ tubes (200 mm X 16 mm diameter), obtainable from 
most supply houses, are convenient, use being made of the 10-ml and 20-ml 
calibrations, only. Covered with inverted glass vials (30 mm X 21 mm dia- 
meter) these are heated in batches of 18, supported in a copper rack in boiling 
water (e.g. in a controlled-heat, deep electric saucepan). 


Modification of the Ninhydrin-Hydrindantin Reagent 


Exploratory experiments indicated that optimum performance, as exhibited 
by the earlier reagent during its middle period of storage, would require that 
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the hydrindantin concentration be maintained within a particular range which 
is appreciably lower than the concentration added initially to that solution. 
The problems of defining the permissible range of concentration of hydrin- 
dantin, and then of devising means for maintaining this concentration, if 
possible, during prolonged periods of storage, are complicated by the fact that 
hydrindantin in solution is oxidized by molecular oxygen. 

For the same reason, it is necessary to adjust the hydrindantin concentration 
of a reagent to the analytical procedure for which it is intended to be used. For 
example, if very dilute solutions of amino acids are to be analyzed, it may be 
convenient to devise a reagent of which 2 ml will be mixed with (say) 2 ml of the 
aqueous amino acid solutions for the determinations. In this case a higher 
concentration of hydrindantin would be needed than if the 2 ml of reagent were 
intended to be mixed with smaller samples of amino acid solution, e.g. 0.2 ml, 
since a higher proportion of the original hydrindantin would be oxidized by the 
dissolved oxygen present in the larger volume of aqueous solution. 

The previous reagent, designed primarily for the determinations of amino 
acids separated on paper chromatograms, was standardized for adding directly 
to the cut-up paper ‘spots’ excised from chromatograms. The modified reagent 
to be described below has been devised mainly for the same purpose but it has 
been developed and standardized for use with addition of 1/10th volume of 
water or of aqueous solution of amino acids. This is convenient in practice 
since it facilitates standardization and permits use of the reagent for deter- 
minations of amino acids present in solutions as well as on filter paper, and the 
same factors for color yield apply. 


(a) Rapid Assay of Hydrindantin Content of the Reagent 

Progress in improving the reagent was assisted by the development of a quick 
method for estimating, approximately, the hydrindantin content of a reagent. 
This is carried out in a test tube calibrated at 2.0 and 6.0 ml. After adding 
2.0 ml of 8 N NaOH solution, the tube is flushed out with a stream of nitrogen 
and 4 ml of the solution to be tested is added direct from the nitrogen-filled 
dispenser bottle in which it is stored. The contents of the tube are mixed by 
inversion and the resulting blue color is read at wavelength 570 mp, using a 
cuvette of 1-cm path. This absorbance value will be referred to as the ‘hydrin- 
dantin blue’ value. The color in the filled cuvette bleaches at the top but the 
reading is stable for several minutes; however, the cuvette is rinsed out quickly 
to avoid etching. Earlier workers have noted this blue color reaction, cf. 
MacFadyen and Fowler (5). 

By means of this rough and rapid assay it became possible to predict reliably 
the behavior of a considerable range of reagents varying in original composition, 
age, and history. It was found that reagent solutions giving ‘hydrindantin 
blue’ values in the range of 0.2—0.8 could be relied upon to show the desired 
properties when used under the specified conditions. Solutions with values 
considerably in excess (e.g. 1.5 and upwards) show the characteristics of exces- 
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sive hydrindantin content; and those with values much below the recommended 
range (e.g. 0.1) give low color yields. It was decided on the basis of a consider- 
able range of experiments that a ‘hydrindantin blue’ value of 0.4-0.5 would be 
most satisfactory; this value is approximately twice that of the earlier reagent 
during its middle satisfactory state, and it provides sufficient excess to allow 
for a reasonable ‘working life’ for portions of the reagent withdrawn from cold 
storage under nitrogen. 


(b) Basis of Modifications of Earlier Reagent 

It will suffice to enumerate briefly here the reasons for the changes in the 
composition and in the manner of handling of the reagent, which will be speci- 
fied in the next section: 

(1) In the interests of prolonged storage, it was decided to continue to store 
the reagent at refrigerator temperature (ca. 5° C) in the convenient nitrogen- 
filled dispenser bottle which is illustrated in Fig. 1. 
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Fic. 1. Apparatus for storage of the reagent. The solution is held at about 5° C in the 
refrigerator under small positive pressure of nitrogen gas; a Kipp apparatus (filled with 
salt-saturated water to reduce solubility of oxygen) is used as nitrogen reservoir. 





(2) The earlier reagent was made up in a solution containing equal parts 
of ‘methyl-cellosolve’ and water. When saturated with hydrindantin (in equili- 
brium with solid hydrindantin) at 5° C this solution gave a ‘hydrindantin blue’ 
value much below the desired range. On increasing the proportion of ‘methyl- 
cellosolve’ to 57%, the solubility of hydrindantin at 5° C was increased suffi- 
ciently to give a ‘hydrindantin blue’ value of 0.5. 

(3) By storing the solution over an excess of solid hydrindantin, it is main- 
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tained over prolonged periods in a state approaching saturation, slight losses 
from the supernatant solution (due probably to failure of complete oxygen 
exclusion) being made good by resuspending the solid hydrindantin occa- 
sionally. 

(4) Oxidation of hydrindantin during the actual preparation of the solution 
is reduced to negligible proportions by simple means which will be described. 

(5) The acetate buffer with nominal pH of 5.1 as used by Moore and Stein 
(3) has been adopted as offering a slight advantage over the more acid acetate 
buffer of pH 4.7 used previously, namely that any traces of the reversible red 
coloration due to the hydrindantin disappear more rapidly. 


(c) Preparation of the Reagent Solution 

A batch of 2 liters of the reagent is prepared conveniently in the ‘Winchester’ 
bottle in which it will be stored (Fig. 1). 

Ninhydrin (7.6 g) is dissolved in 1140 ml of the redistilled ‘methyl-cellosolve’. 
To this solution is added 610 ml water and 250 ml of the 4 N acetate buffer 
solution described above. 

The solution is now carefully degassed by being held under vacuum for 
15 minutes and swirled occasionally to remove dissolved gases. Then the gas 
space in the bottle above the solution is flushed out with nitrogen and the bottle 
is stoppered. It is cooled to 5° C by overnight storage in the refrigerator. 
Finely powdered hydrindantin (1.2 g) is now added to the cold oxygen-free 
solution. The bottle is again flushed out with nitrogen and stoppered tightly. 
It is returned to the refrigerator and is shaken at intervals over a period of 
several hours to hasten saturation of the solution with hydrindantin. The 
dispenser head is now inserted into the bottle and the apparatus is flushed out 
with nitrogen. After suspended hydrindantin has settled, portions of the 
supernatant solution may be withdrawn for use. The ‘hydrindantin blue’ value 
should lie within the desired range of 0.4-0.5 and this may be maintained by 
shaking the container to resuspend the hydrindantin about once weekly. 

Reagents prepared and handled in this manner have been used during periods 
of storage exceeding 9 months and no batches of reagent have shown signs of 
deterioration or change in properties. 


Analytical Procedure 


The technique for the determination of amino acids present in ‘spots’ excised 
from chromatograms has been simplified and improved somewhat as compared 
with the original procedure (1). The modifications will be described in detail 
in Part 6 of this series but certain features will be touched upon. 

The modified reagent is intended to be used with the addition of 1/10 of its 
volume of aqueous solution or of water, prior to the 20-minute period of heating 
at 100° in which the color is developed. For analyses-on solutions, 2 ml of 
reagent is normally used with samples of 0.2 ml of solution (or smaller samples 
with water to make 0.2 ml). In the case of cut-up paper ‘spots’ from chroma- 
tograms, 3 ml of reagent plus 0.3 ml water is used. This increased volume 
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provides better coverage for the loosely stacked, cut pieces of paper and it 
serves as a safeguard in another respect which deserves mention as illustrating 
the need for caution in applying ninhydrin-hydrindantin reagents to varied 
uses. 

In preliminary studies designed to define the optimum hydrindantin content 
of the modified reagent, it was found that low color yields were apt to be 
obtained when amino acids present on large pieces of paper were analyzed by 
addition of only 2 ml of reagent; the low yields were accentuated when the 
reagent had a low ‘hydrindantin blue’ value. The effect was shown to be due to 
excessive oxidation of hydrindantin by air occluded in the filter paper and it is 
completely eliminated by the simple expedient of flushing out with nitrogen the 
tubes containing the cut-up filter paper, before the reagent solution is added. 
The use of 3 ml reagent for determinations on filter paper ‘spots’ provides an 
additional safeguard against this danger. 


Standardization of the Reagent 

For the standardization of the reagent, accurately known volumes (50, 100, 
or 200 wl) of standard solutions of amino acids and peptides were delivered into 
the bottoms of the calibrated boiling tubes by means of long micropipettes with 
bent tips. Additional water to make 200 pl was added, although this precaution 
is probably unnecessary in normal use (cf. Table II). The tubes for analysis 
are set up conveniently in batches of 18, held in a copper rack for later insertion 
in a boiling water bath. For evaluating the reagent blank value, two or three 
tubes containing 0.2 ml water only are included usually in each batch. The 
ninhydrin—hydrindantin reagent (2 ml) is now added to each tube from a simple 
automatic pipette. A portion of the reagent sufficient for each batch of 18 tubes 
is drawn freshly from the dispenser bottle at 5° C since after about 45 minutes 
of exposure to air at room temperature a 60-ml portion of the solution shows 
deterioration, the ‘hydrindantin blue’ value falling to the limit of the desirable 
range. 

After addition of the reagent, each tube is rolled gently to mix the contents 
and it is then covered with a small inverted beaker (5 ml) or shell vial. The 
rack of tubes is then placed in a vigorously boiling water bath; after 20 minutes 
it is removed and placed in cold water for 2 minutes. The tubes are now made 
up to volume (usually 10 ml) by addition of 50 volumes% aqueous ethanol; 
if more Ruhemann’s purple is present than corresponds to an absorbancy of 
about 1.0 (which can be judged by eye) the volume is made to 20 ml instead of 
10 ml. 

The absorbancies of the solutions are measured at wavelength 570 my (using 
cuvettes of 10 mm path in the Beckman Model B spectrophotometer) except 
in the cases of proline and hydroxyproline in which the absorbancies are 
determined at 440 mu. The absorbancies (doubled when dilution to 20 ml has 
been made) are corrected by subtracting the mean value for the reagent blank. 
The color yields from different amounts of various amino acids and peptides 
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determined in this manner are given in Table I, the results being expressed as 
absorbance at 570 my (or 440 my in two cases) per zmole of amino compound, 
when the color is present in 10-ml solutions. The corresponding values reported 
for the earlier reagent (1) are included for comparison. The theoretical value, 
obtained by direct measurement of the absorbancy of the pure crystalline 
Ruhemann’s purple compound, is 2.16 (cf. 1, 3). 

For most amino acids the color yields by the two reagents agree to within 
about 1% but in two cases the results differ by about 5%. It will be appreciated 
from the comments above that the data reported for the earlier reagent would 
be characteristic only of the middle storage period during which its performance 
approaches the ideal. With the new reagent, on the other hand, the color yields 
have been found to be reproducible within the experimental error regardless of 
the age of the solution provided the ‘hydrindantin blue’ value is maintained 
within the specified range, and no deterioration has been observed during 
periods exceeding 9 months. 

The color yields (absorbancy per mole at 570 my) given in Table I were 
based upon some 80 sets of determinations made in triplicate. An analysis of 
these data shows that the probable error of an individual reading was +0.4% at 


TABLE I 
Color yields for amino acids, peptides, and ammonia 








Present reagent 











— Earlier 
0.25 umole 0.5 umole 1.0 umole reagent 
Absorbancy at 570 my per umole, color in 10 ml 
Alanine 2.19 2.18 aie 
Arginine 2.14 2.14 2.14 
Asparagine 1.45 1.47 1.51 
Aspartic acid 2.04 2.04 2.02 
Cysteic acid 2.21 2.16 - 
Glutamic acid ye 2.21 Z.a2 
Glutamine 2.14 2.83 _ 
Glycine 2.85 2.13 2.42 2.12 
Histidine 2.31 2.13 2.48 
Leucine 2:i2 2.16 2.11 2.09 
Isoleucine my 2.13 —— 
Lysine 2.41 2.42 2.40 
Methionine 2.18 2.17 2.18 
Phenylalanine 2.00 1.98 2.02 
Serine 2.09 2.10 2.02 
Threonine 2.07 2.07 2.09 
Tryptophan 1.62 1.61 _— 
Tyrosine 1.98 1.99 1.92 
Valine 2.15 2.14 2.13 
Glycylglycine 2.04 2.06 2.06 
Diglycylglycine 1.86 1.84 - 1.73 
Ammonia 2.06 2.01 
Absorbancy at 440 mu per umole, color in 10 ml 

Hydroxyproline 0.40 


Proline 0.67 
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the level of 0.25 umole of amino compound and +0.25% at the level of 0.5 
pmole, the absolute probable error in both cases being about the same (+0.02 
absorbance unit corresponding to +0.01 umole). The reagent blank values are 
lower and less variable than those characterizing the earlier reagent; 187 values 
observed during 1 month with three different batches of reagent ranged from 
0.018 to 0.044; the mean value was 0.030 and the probable error + .003 absorb- 
ance unit. 


Latitude in Use of Reagent 

The necessity for adjusting the hydrindantin concentration of a ninhydrin- 
hydrindantin reagent to a particular analytical procedure has been emphasized 
earlier. It is desirable, conversely, to indicate what latitude in procedure is 
permissible with a particular reagent. 

The present solution was designed for analyses with the addition of 1/10th 
of its volume of (air-saturated) aqueous solution. The effects of varying addi- 
tions of aqueous solution may be seen in Table II. 


TABLE II 


Color yield with varying aqueous additions 
(Throughout, 2 ml reagent + 0.25 umole amino acid in 
varying volumes of air-saturated aqueous solution) 











Color yield as % of standard (1/10 vol.) 
Volume of ‘aceite 








aqueous solution Glycine Leucine Phenylalanine 
None* _ 100 99.5 100 
0.20 ml (0.1 vol.) (100) (100) (100) 
0.50 ml (0.25 vol.) 98 98 99 
1.00 ml (0.5 vol.) 93 92 93.5 





*Solution of amino acid dried in tube before addition of reagent. 


It is clear that variations in the aqueous addition within the limits 0—0.25 
volume produced barely significant deviations in the color yields. But addi- 
tions of 0.5 volume aqueous solution reduced the values by 7-8%. Accord- 
ingly, for analyses involving additions larger than 0.1—0.2 volume the hydrin- 
dantin content of the reagent should be increased. This may be done by 
increasing slightly the proportion of the methyl-cellosolve, and thereby the 
solubility of hydrindantin. Limited testing of variants of this type suggests 
that reagent solutions containing up to 65 volumes% methyl-cellosolve are 
likely to prove useful for particular applications. 

Another reflection of the limited tolerance of the present reagent to oxygen 
has been referred to, namely the desirability in analyzing excised paper ‘spots’ 
from chromatograms of flushing out the tube and cut-up paper with nitrogen 
before addition of the reagent, in order to eliminate oxygen occluded in the 
paper. When 2 ml of reagent are used to analyze a ‘spot’ weighing 0.2 g, the 
occluded oxygen may reduce the color yield by 10-15% unless this precaution 
is taken. If 3 ml reagent is used for such analyses, the danger of this occurring 
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is reduced but, as will be described in Part 6, flushing out with nitrogen is 
recommended as a routine in analyzing paper ‘spots’. 
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QUANTITATIVE CHROMATOGRAPHIC METHODS 


PART 6. IMPROVED PROCEDURE FOR DETERMINATION OF 
AMINO COMPOUNDS ON PAPER CHROMATOGRAMS! 


E. TiGANE, E. H. M. WapDE,? J. TZE-FEI WonG, AND C. S. HANES 


Abstract 


A procedure is described for the quantitative determination of amino com- 
pounds separated by paper chromatography. The procedure is of general applica- 
bility, and more specifically has been extensively applied to the standard P-E-PP 
and P-E-T chromatograms. Recovery data from these chromatograms have been 
obtained, and the various factors influencing the accuracy of analysis are dis- 
cussed. 


Introduction 


A method for the determination of amino acids and peptides in the individual 
chromatographic ‘spots’ as separated on filter paper chromatograms was de- 
scribed in Part 1 of this series (1). While the reliability of the original procedure 
was well established, a succession of small modifications has led to the progres- 
sive simplification and improvement of the method so that more rapid and 
accurate analyses are now possible. As will be shown below, the yields of 
‘Ruhemann’s purple’ from the excised ‘paper spots’ of most amino acids are 
close to the stoichiometric values. 


Equipment and Reagents 
EQUIPMENT 


Apparatus as well as procedure has been simplified as compared to these 
features of the original method (1). The equipment now in use needs only a 
brief description, as follows: 

(a) If the spray method for detecting the ninhydrin-reacting spots is to be 
used (see below), an all-glass sprayer attached to an air line by a low 
pressure regulating valve is used. (A suitable sprayer is supplied by Kopp 
Laboratory Supplies, New York.) 

(b) A controlled draught of warm air (at about 40° C) is required in the treat- 
ment for removing ammonia. A small drying ‘tunnel’ is convenient, con- 
sisting of a chamber 4.5 in. X 6 in. in cross section and 11 in. long, with 
perforated end walls and a removable lid. A domestic hair dryer blows 
into a plenum box at one end, and the stream of warm air then flows 
through the tunnel. Several small racks can be placed inside the tunnel, 
each with hooks for suspending the excised paper spots. 

(c) The tubes selected for heating the excised spots with the quantitative 
reagent are the Myers-Bailey ‘blood sugar’ tubes specified in Part 5 (2). 

‘Manuscript received June 27, 1960. : 

Contribution from the Department of Biochemistry, The University of Toronto, Toronto, 


Ontario. 
2Present address: Research Laboratory, Hospital for Sick Children, Toronto 5. 


Can. J. Biochem. Physiol. Vol. 39 (1961) 
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Inverted shell vials or beakers (5 ml) serve as covers for the boiling tubes. 
A rack for 18 tubes, a convenient batch for analysis, is used to hold them 
during the heating in boiling water (in a controlled-heat electric saucepan). 

(d) An 18-jet gas distributor is connected to the outlet valve of a nitrogen 
cylinder. To equalize flow rates, the jets, which are inserted into the boiling 
tubes, are of capillary tubing, 15 cm long X 1 mm i.d. 

(e) A simple automatic pipette (squeeze-bulb type with adjustable stop) is 
used to deliver 3+.05-ml portions of ninhydrin—hydrindantin reagent into 
the tubes. 

(f) For the final elution of the color, the boiling tubes are stoppered tightly by 
white rubber bungs which give no colored extractives (S-101-124, obtain- 
able from West Rubber Co., Phoenixville, Pa., U.S.A.). The tubes are 
then laid on a rocking tray designed to hold up to 18 tubes. The tray is 
horizontal in mid-position, and rocks through an angle of about 35° at a 
rate no greater than 30 cycles per minute; this avoids formation of fine 
debris as the pieces of filter paper wash gently to and fro in the tubes. 


REAGENTS 


1. Reagents for the Detection of Amino Compounds on Chromatograms 

(a) Spray Reagents - 

If the spray method of detection is to be used, different acidified ninhydrin 
spray reagents are required for the variously buffered papers. 

Spray reagent for the standard P-E-PP chromatogram (cf. 3).—One liter 
contains: ninhydrin, 750 mg; glacial acetic acid, 250 ml; collidine, 25 ml; ethanol 
(95%), 650 ml; water, 75 ml. The replacement of ethanol by ethylene glycol up 
to 125 ml improves color development under very dry atmospheric conditions, 
but this may cause color loss under humid conditions. 

Spray reagent for the standard P-E-T chromatogram (cf. 3).—This is also 
used for neutral or unbuffered chromatograms. One liter contains: ninhydrin, 
750 mg; glacial acetic acid, 25 ml; collidine, 25 ml; ethanol (95%), 950 ml. 

Spray reagent for phenol chromatograms.—One liter contains: ninhydrin, 
750 mg; ethanol (95%), 800 ml; glacial acetic acid, 200 ml. Just before spraying, 
a ‘knife-point’ of about 3 mg hydrindantin is dropped directly into the sprayer 
containing 20 ml of the reagent. 


(b) Dip Reagent 

A single dip reagent is used for various types of chromatogram (except that 
a trace of hydrindantin is added in the case of phenol chromatograms). One 
liter of the reagent contains: ninhydrin, 125 mg; glacial acetic acid, 25 ml; 
collidine, 20 ml; ethyl acetate, 955.ml. The reagent is usually prepared freshly 
but it can be held at 5° C for a few days in glass-stoppered bottle. 


2. Alkaline Borate Buffer in Methanol 
This is used to drive off ammonia from the excised paper spots. One liter 
of the solution contains 18.6 g of boric acid and 65 ml of 6 N aqueous potassium 
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hydroxide solution, and 935 ml of methanol. 


3. Quantitative Amino Acid Reagent 
The improved ninhydrin—hydrindantin reagent (2) is used for treating the 
excised spots and developing the full Ruhemann’s purple coloration. 


Modified Analytical Procedure 
GENERAL PRECAUTIONS AGAINST CONTAMINATION 


In order to obtain the highest accuracy, meticulous care is required at all 
stages to avoid contamination of chromatograms, excised paper spots, and 
equipment with any possible nitrogenous material. Both chromatograms and 
apparatus are protected from dust by suitable polyethylene covers except when 
the actual analysis is in progress. The room in which analyses are made is kept 
free from ammonia and from tobacco smoke. The functional area of the chroma- 
tographic papers is not touched by hand; the excised chromatographic spots 
are handled with forceps and stored temporarily in small polyethylene en- 
velopes. 

The boiling tubes in which the cut-up spots are to be heated with the 
ninhydrin—hydrindantin reagent are cleansed thoroughly with detergent solu- 
tion (Teepol C) and rinsed well with tap water, N/100 NaOH solution, and 
finally distilled water. With this procedure, chromic acid ‘cleaning solution’ is 
required only occasionally. The tubes are inverted to drain and, after drying, 
are stored in closed polyethylene bags. 


DETECTION OF AMINO COMPOUNDS ON THE CHROMATOGRAM 


Although compositions of spray reagents suitable for different types of 
chromatogram have been given above for use in the manner described earlier 
(1), the spray procedure for detection has been largely abandoned in this 
laboratory in favor of a dip treatment, use being made of the acidified ethyl 
acetate — collidine — ninhydrin reagent described above. This reagent was 
evolved on the basis of earlier experience with an acetone reagent used for 
qualitative purposes (3). It was observed that ninhydrin dissolved in acetone 
rapidly lost its capacity to react with amino acids. Furthermore, when the 
acetone dip reagent was used in quantitative work, some of the amino acids 
gave recoveries that were significantly higher than the theoretical value, 
apparently due to the trapping of free ammonia by the acetone. The use of 
ethyl acetate as the solvent instead of acetone has overcome both these difficul- 
ties; the reagent is stable and the recoveries of the amino acids are virtually 
stoichiometric. The advantages of the dip treatment over spraying are con- 
venience of application, clearer delineation of the boundaries of the chroma- 
tographic spots, and more uniform performance—especially in being less in- 
fluenced by seasonal humidity variations than are spray-treatments (3). 

The treatment for detection of spots is deferred usually until the analyses 
are to be made. The untreated chromatograms may be stored without change 
in polyethylene envelopes at —20° C for periods up to 2 weeks. After the 
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treatment the excised spots which are not analyzed immediately may be stored 
safely under the same conditions for 3-4 days; they should not be exposed to 
high humidity or to bright light. 


DETAILS OF ANALYTICAL PROCEDURE 
(a) Detection 

1. On completion of the irrigation process, the chromatograms are allowed 
to dry at room temperature under the fume hood. For the detection, they are 
passed quickly through the ethyl acetate dip reagent contained in a flat dish 
and, after the excess reagent is allowed to drain off, are hung under the fume 
hood at room temperature, and protected from bright light. After 1-2 hours 
there is usually sufficient color development for optimum delineation of 
the spots. No attempt is made to produce the maximum amount of the 
‘Ruhemann’s purple’ on the paper itself. 

2. The spots revealed on the chromatogram are outlined carefully in pencil 
against an illuminated background, an adequate margin being left to ensure 
inclusion of faint fringes of amino acid. At the same time suitable areas are 
outlined for determination of ‘paper blank’ values, often from a channel left 
blank for the purpose. With the present supply of purified paper, it is sufficient 
to analyze four blank areas per chromatogram. 

3. At this stage, before the spots are cut out, it may be desirable to make a 
photographic record of the chromatogram showing the outlined areas. 


(b) Treatment of the Excised Paper Spots 

4. The individual spots are labelled, cut out, perforated near one margin 
with a coarse needle, and weighed to the nearest 0.01 g. This weight is used 
subsequently for calculating (a) the appropriate ‘paper blank’ value and (d) 
the compensation for the volume occupied by the paper in the elution system. 

5. The excised paper spots are suspended on the small racks and each is 
wetted with the methanolic borate buffer solution. Care is taken to wet the 
paper completely but to avoid any drip; the volume required ranges up to 0.3 
ml for the largest spots. The rack is placed in the drying tunnel and the spots 
are dried for 5 minutes in an air stream at 40° C. 

6. Each spot, now ammonia-free, is cut into oblong pieces ca. 20X4 mm, 
and these are transferred into a boiling tube. The pieces of paper should stand 
approximately upright on the bottom of the tube to form a loose grouping; 
while it is essential that the pieces should be short enough to be covered by the 
3 ml reagent (step 8 below), few of them should be so short as to lie flat and 
obstruct circulation of the reagent during the heating. 

7. Each tube containing a cut-up spot is now flushed out with a gentle stream 
of nitrogen for 3 minutes by means of the multiple jet arrangement described 
above. (A few ‘reagent blank’ tubes not containing filter paper are also included 
in the analysis each day.) Eighteen tubes are treated simultaneously and each 
is then covered with an inverted beaker. The flushing out with nitrogen reduces 
greatly the oxidation of hydrindantin in the quantitative ninhydrin—hydrin- 
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dantin reagent (to be added next) by oxygen occluded in the paper. 

8. A volume of ninhydrin—hydrindantin reagent sufficient for each batch of 
tubes is withdrawn freshly from the storage vessel, cf. Part 5 (2), and 3 ml is 
added to each tube with an automatic pipette, followed by 0.3 ml of water. 
The tubes are covered and transferred to the 18-place rack. 

9. The rack is placed in a fully boiling water bath and is held at 100° C for 
20 minutes. It is then placed in cold running water for 2 minutes. 


(c) Elution and Determination 

10. The contents of the tubes are diluted to the 10-ml mark by addition of 
50 volumes % aqueous ethanol, or to 20 ml in exceptional cases where the color 
is very dark, e.g. likely to exceed an absorbancy value of 1.0-1.2 as can be 
judged by eye. The volume, in milliliters, occupied by filter paper in this system 
is found experimentally to be 0.9 X the weight of paper in grams. Since the 
spots analyzed range from ca. 0.05 to 0.30 g, the volume for which compensa- 
tion is required ranges from ca. 0.05 to 0.27 ml. The compensation may be 
made either by adding the calculated extra volume of aqueous ethanol to each 
tube after the contents have been brought to the mark, or by continuing the 
analysis without such additions and later correcting the observed absorbancy 
value by the appropriate percentage. For example, for a 0.18-g spot, the volume 
compensation may be made either by adding 0.16 ml extra solvent after 
adjustment to the 10 ml mark, or by deducting 1.6% from the observed absorb- 
ancy value. 

11. The tubes are stoppered with white rubber stoppers and are rocked back 
and forth on the rocking tray for 3 minutes. This gives uniform distribution of 
Ruhemann’s purple throughout the solvent with minimum generation of filter 
paper ‘fines’. 

12. The supernatant solution from each tube is poured on to a coarse-sintered 
glass filter (e.g. conical, 20-mm plate). The filter is mounted in a large test tube 
(25200 mm) with a side arm about 3 cm from the bottom. The clean dry 
collecting tube (16150 mm) stands inside, resting on a rubber bung. Gentle 
suction applied to the side arm is used for collection of the filtrate, and also for 
removing wash liquid. 

13. The absorbancies of the clear filtrates at 570 my (or 440 my in the case of 
proline and hydroxyproline) are measured in the Beckman Model B spectro- 
photometer. It is convenient to use two cell holders so that the readings are 
made on batches of six. The cells are emptied and rinsed with small portions of 
the succeeding filtrate, with the help of a small suction collector (tipped with 
soft plastic to avoid scratching the cells). 


Results and Discusion 


The procedure evolved for the determination of amino compounds on filter 
paper has been described in considerable detail in an effort to convey all 
features which appear to contribute to accuracy and operational convenience. 
The method has been used for analyzing a considerable variety of one-dimen- 
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sional and two-dimensional chromatographic and electrophoretic systems. The 
accuracy of the results rests to an important degree upon the perfection of 
resolution of the individual compounds on the paper, especially as regards 
compactness of spots, and freedom from trailing or overlapping. In general 
the better the chromatography, the more nearly do the recoveries of Ruhe- 
mann’s purple approach the ‘direct’ standardization values. It is necessary to 
be on guard, however, against any special circumstances which may affect the 
color yield. Examples of such effects would be the higher than stoichiometric 
values given by some amino acids after treatment by the acetone dip reagent 
(see above) or the low and variable yields obtained on analyzing chromatograms 
irrigated in phenolic solvents, which will be described below. A further factor 
of obvious analytical importance is that the filter paper should be as free as 
possible from ninhydrin-reacting impurities and that the ‘paper blank’ values 
should be uniform over the whole surface to be analyzed. As has been pointed 
out in Part 2 (4), a remarkable improvement in the purity of Whatman No. 3 
paper during recent years has obviated the earlier need for its special purifica- 
tion in the laboratory and has improved considerably the accuracy of the 
determinations, particularly when small amounts of amino acids are to be 
determined. (In fact, there is in sight a stage when, in view of the progressive 
improvements in the purity of the paper, there may be no need to correct for 
paper blank values.) 

It is proposed to illustrate the operation of the analytical method by pre- 
senting the results of its application to the P-E-PP and P-E-T systems, and 
the auxiliary phenol — aqueous pyrophosphate system for the separation of 
glycine and serine, described in Part 4 (3). 


Effects of Loading on Recovery Values 

The effects of loading on the color yields obtained in both the P-E-PP and 
P-E-T chromatograms are shown in Table I, for slow-, medium-, and fast-running 
amino acids in each case. These data are typical of much general experience. 
The yield value for spots containing as little as 0.08 umole of amino acid may 
show considerable variation and the range of 0.16—0.50 umole per spot may be 
regarded as optimum. Over this range the yield values show little or no sys- 
tematic deviation. (The upper desirable limit varies from one amino acid to 
another depending upon any deleterious effect of heavier loadings upon its 
clean separation on the chromatogram.) 


Mean Recovery Values from P-E-PP and P-E-T Chromatograms 

Extensive data on determinations of known amounts of the common amino 
acids in the range 0.15—0.5 zmole are summarized in Table II. This includes 
for each amino acid (or group analyzed) the mean recovery value and the range 
of variations observed over a period of about two years. These mean recovery 
values should be adopted only tentatively as conversion factors for the deter- 
mination of unknown mixtures in another laboratory proposing to use the 
method since it is recommended that standardization data should be collected 
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TABLE I 


Effects of loading on recovery values 
(Absorbancy per umole at 570 mu, color in 10 ml)* 








Loading (umole) 








Chromatographic Amino 
system acid 0.08 0.16 0.24 0.32 0.40 
P-E-PP Glutamic acid 2.19 2.28 2.22 2.20 — 
Lysine 2.02 2.10 2.38 2.14 — 
Threonine — 1.97 _ 2.06 1.99 
Alanine 1.69 1.99 2.03 2.09 — 
Valine 1.76 1.98 2.00 1.94 — 
Phenylalanine 1.84 1.87 1.80 1.92 — 
P-E-T Lysine and histidine — 2.22 2.25 2.23 2.18 
Arginine 2.50 2.00 2.03 — — 
2.00 2.06 
Aspartic acid 1.75 1.86 2.04 -- 
2.02 1.95 2.01 
Glutamine 1.58 1.74 1.84 1.83 — 
1.72 1.80 





*The absorbancy umole is computed as follows. 
The four values for valine, selected to illustrate determinations made on moderately large paper spots (ranging 
from 0.12 to 0.20 g), involved the following corrections: 


Loading in umoles 0.078 0.156 0.234 0.312 
Absorbancy reading 0.178 0.358 0.524 0.662 
Corrected for paper volume 0.176 0.353 0.516 0.652 
Deduction for: 
(a) reagent blank 0.021 0.021 0.021 0.021 
(6) impurities in paper 0.018 0.023 0.027 0.026 
Net absorbancy due to amino acids 0.137 0.309 0.468 0.605 


It will be seen that the corrections due to impurities in paper range from about 10% to 3%, depending on spot 
size and loading. For many amino acids the spot size is much smaller, e.g. about 0.05 g paper or less. 


independently under the precise conditions in use. 

The values for range of variation in Table II are maximum and they include 
values obtained by slightly different procedures which have been in use over 
the past 2 years. It seems safe to predict that the probable error of a single 
determination (within the recommended range of loading) will be found in 
practice to be much less than the over-all variations indicated. It has been 
emphasized earlier (5) that a great advantage of one-dimensional as compared 
with two-dimensional chromatography is that it permits side-by-side compari- 
son of replicated and varied loadings and so facilitates the reduction of experi- 
mental error. 

It will be seen from Table II that the mean recovery values (a) from both 
types of chromatograms are in most cases slightly lower than the direct color 
values (c), the percentage recoveries (d) lying between 95-100 in 18 cases 
(out of 31) and showing a slight but probably significant tendency to decrease 
with increased distance of travel of the amino acids (which are listed in the 
table in the order in which they appear on the two chromatograms). It may 
be noted that the range of variations is +5% or less in about one half of the 
cases listed. . 


Recoveries from Separated Portions of Double Spots 
As has been emphasized in earlier discussions of the chromatographic resolu- 
tions (3) useful data may be obtained by the demarcation and separate analysis 
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TABLE II 


Mean recovery values for common amino acids 
(Absorbancies* per umole, color in 10 ml) 








(a) 
Mean recovery Range of (c) 
from chromato- variation Direct 
Amino acid gram (%) color value 


(d) 
0 
recovery 





P-E-PP system 


Aspartic acidt 1.96 +4 2.04 
Cysteic acid { 2.16 +4 2.16 
Aspartic + cysteic acids 2.15 +10 2.10 
Glutamic acid 2.17 + $ 2.21 
Asparagine § 1.53 ae 1.47 
Lysine 2.20 +10 2.42 
Histidine J 1.90 +15 2.13 
Arginine { 2.09 +15 2.14 
Glutamine 2.00 * § a | 
Glycine || 2.03 + $ Zid 
Serine || 2.10 + § 2.10 
Glycine + serine 2.10 = + 
Methionine sulphone 2.06 + 3 2.16 
Hydroxyproline 0.39 +10 0.40 
Threonine 1.90 +s 2.07 
Alanine 2.08 + 5 2.18 
Proline 0.56 + 6 0.67 
Tryptophan 1.50 +10 1.61 
Tyrosine 1.75 + 4 1.99 
Methionine 1.91 + 4 ae | 
Valine 2.04 + 3 2.14 
Phenylalanine 1.83 + 3 1.98 
Isoleucine** 1.90 + 6 2.13 
Leucine** 1.90 + 6 2.16 
Isoleucine + leucine 1.92 +S 2.35 
P-E-T system 
Lysine + histidine 2.21 + 4 2.27 
Arginine 2.04 a | 2.14 
Cysteic acid 2.16 + % 2.16 
Asparagine 1.42 +s 1.47 
Aspartic acid 1.96 + 7 2.04 
Glutamine 1.76 = 5 Ae | 
Glycinett 2.04 +20 2.13 
Serinett 1.87 +14 2.10 
Glycine + serine 1.93 + 5 2.42 


96 
100 
102 

98 
104 

91 

89 

98 


95 
95 


100 
99 
95 











*Absorbancies are at 570 my except for proline and hydroxyproline, which were read at 440 mu. 
tAspartic acid present in marker without cysteic acid. 

tCysteic acid present in marker without aspartic acid. 

§Asparagine present alone. 

QHistidine and arginine determined from double spots showing optimum separation (see text). 


{Values for glycine and serine on P-E-PP chromatogram were each determined in the absence of the other. 
**Values for isoleucine and leucine are based upon determinations of each of these amino acids in the absence of 


the other, as well as values for the separate portions of double spots. 


ttValues for glycine and serine on P-E-T chromatogram were determined on cut portions of double spots con- 


taining equal amounts of both. 


of areas forming contiguous spots. In these cases of incomplete separation, 
the line of demarcation must be judged either by a difference in the ninhydrin 
coloration exhibited by the two amino acids or by the presence of a ‘waist’ 


across a double spot of dumb-bell shape. 


The double spots of practical analytical importance are (in the P-E-PP 
pattern): aspartic acid + cysteic acid; histidine + arginine; isoleucine + 
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leucine; and (in the P-E-T pattern): glycine + serine. The errors involved in 
the determination of the members of these pairs vary considerably in the 
different cases, being lowest for isoleucine + leucine and highest for glycine + 
serine, as will be made clear. 

The separation of aspartic acid and cysteic acid, depending mainly upon a 
difference in coloration, is fairly reliable and leads to recoveries with a variation 
of +12% when approximately equimolar amounts of the two are present. The 
recoveries of cysteic acid tend to be slightly too high, at the expense of aspartic 
acid. 

The recoveries of histidine and arginine from the double spot are the most 
variable of the series but this is obvious in advance from the actual chroma- 
tography so that cases suitable for the separate analyses are readily recogniz- 
able. When such selected double spots are analyzed the recoveries for arginine 
tend to be slightly too high at the expense of histidine and the range of varia- 
tion, with equimolar amounts of the two is +15%. With adverse chromato- 
graphic resolution (which is obvious from visual inspection) histidine is in- 
corporated more and more into the arginine area. 

The separate analyses of isoleucine and leucine is dependable and of an 
accuracy comparable with that for other completely separated amino acids, 
provided that the rare case is rejected in which the double spot fails to show a 
‘waist’. 

The separate analyses of glycine and serine from the double spot on the 
P-E-T chromatogram is subject to the largest error of any of the listed re- 
coveries and these can be used only to provide a rough indication of the propor- 
tions of the two amino acids. It is for this reason that the auxiliary chroma- 
tography in a phenolic solvent is still used to separate this pair. 

It may be noted that the weakest features of the whole analytical system 
center upon the failure to secure clean and reliable separations of histidine and 
arginine in the P-E-PP system, and of glycine and serine in the P-E-T system. 
It is accordingly worth emphasizing that a valuable strengthening of the system 
would result if specific analytical methods for histidine or arginine, on the one 
hand, and glycine or serine, on the other, were developed for application to 
these respective double spots. The experience of other workers with such 
methods (cf. 6) might well contribute to these specific requirements. 


Recoveries from Phenolic Systems 

The use of phenol, cresol, and probably collidine—lutidine solvents intro- 
duces new complications in the determination of amino acids on filter paper, 
as has been recognized by various authors (cf. 7, 8, 9). Experience in this 
laboratory, to be summarized briefly, is restricted to phenol and cresol. 

Recovery values from chromatograms irrigated with a phenol — aqueous 
borate solvent ranged from about 65 to 35% of the direct values, depending 
upon the distance of travel of the amino acids analyzed when a relatively impure 
sample of grade No. 3 paper (purchased in 1953) was used. Purification of this 


@»p 
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paper by the lithium hydroxide procedure described earlier (1) improved the 
recoveries significantly (the range being then 80 to 45% of the direct values) 
but the results remained unsatisfactory. Various additional treatments were 
tested, amongst which prewashing of the paper by irrigation with phenol—water 
was beneficial, as was also the incorporation of sodium ethylenediamine 
tetraacetate into the phenolic solvent (final concentration M/200), but the 
recoveries were satisfactory only for amino acids which travelled short dis- 
tances. Less extensive observations, with similar results, were made with 
phenol — aqueous pyrophosphate and phenol — cresol — aqueous pyrophosphate 
solvents. 

While the subject might merit reinvestigation using the highly purified 
Whatman No. 3 H.R. paper now available commercially, the conclusion was 
reached that, insofar as possible, the use of phenolic solvents should be avoided 
in quantitative chromatography—at any rate until the destructive processes 
involving, apparently, phenol, impurities in the filter paper, and possibly 
oxidation during the color development (7), are brought under control. 

The objective of eliminating entirely the use of a phenolic solvent has not 
been successful in that no alternative means for effecting a clean separation of 
glycine and serine has been found. Accordingly, as has been described in Part 4 
(3), a phenol — aqueous pyrophosphate solvent, applied in reverse chromatog- 
raphy to an excised portion of the standard P-E-PP chromatogram, is used for 
this one separation. 

The recovery values (as absorbancy at 570 my per pzmole, color in 10 ml) for 
glycine and serine from these auxiliary phenol chromatograms are as follows: 


glycine 1.76+6% (i.e. 82% of direct value), 
serine 1.58+10% (i.e. 75% of direct value). 


It is hoped that the foregoing brief survey of results will serve to illustrate 
the possible applicability of the modified procedure in various other connections 
in which the determination of ninhydrin-reacting compounds separated on 
filter paper may be useful. 
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QUANTITATIVE CHROMATOGRAPHIC METHODS 
PART 7. ISOLATION OF AMINO ACIDS FROM SERUM AND OTHER FLUIDS! 


C. K. Harris,? E. TIGANE, AND C. S. HANES 


Abstract 


A method based on the use of miniature ion-exchange columns has been devised 
for isolating small amounts of amino acids from biological fluids and tissue 
extracts. The amino acids are isolated virtually free from proteins, sugars, and 
inorganic cations in a single treatment. 

Techniques are described for the preparation of solutions of the isolated amino 
acids for quantitative analysis by paper chromatography. 


Introduction 


For the quantitative chromatography of amino acids on filter paper, rather 
concentrated solutions are required, free from substances which will interfere 
with the separations. Although the buffered chromatographic systems which 
have been developed in this laboratory (see, for example, ref. 1) will tolerate 
substantial concentrations of neutral salts in the solutions spotted on the papers 
for analysis, it is often advantageous, and sometimes quite essential, to be able 
to separate the amino acids from heavy contaminations by salts, sugars, 
proteins, etc. This is the case, for example, when solutions containing only 
small proportions of amino acids must be brought to dryness and the residues 
then made up quantitatively in small volumes for analysis. The isolation of the 
amino acids from various biological fluids has been a tedious and uncertain 
procedure owing to the need for a sequence of treatments such as ultrafiltration 
or dialysis, desalting, evaporation to dryness, and final solution in small 
volumes. It may be helpful in various connections, therefore, to describe a 
rapid and effective method, based on the use of small ion-exchange columns, 
whereby the amino acids from samples of serum and other fluids can be isolated 
virtually free from salts, sugars, and protein, and made up quantitatively in 
small volumes for chromatography. This method has now been applied success- 
fully to the analysis of extracts from cells and tissues, and of serum and plasma. 
The only limitation in the procedure so far encountered is that strongly 
acidic compounds such as cysteic acid and taurine are not recovered with the 
amino acids but, if required, must be isolated from the effluents from the 
columns in a separate operation. In some biological materials, such as extracts 
of ascites tumor cells and urine, ninhydrin-reacting compounds other than free 
amino acids may be isolated along with the latter, and these may require 
special separational procedures. 
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Several procedures have been described for obtaining amino acids free from 
protein, and others for freeing them from salts and other contaminants of low 
molecular weight. Moore and Stein (2) made a careful comparison of ultra- 
filtration, equilibrium dialysis, and picric acid precipitation as means for 
separating the amino acids from the proteins of blood plasma and they con- 
cluded that precipitation of the proteins with picric acid was most convenient 
and gave superior recoveries of the amino acids. They described a modification 
of the picric acid method of Hamilton and Van Slyke (3) in which picric acid 
was removed from the protein-free filtrate on a column of anion exchange resin 
(Dowex 2) under conditions in which amino acids were not adsorbed. 
McMenamy, Lund, and Oncley (4), using a technique of rapid dialysis to 
separate the free amino acids from blood plasma, obtained levels of amino acids 
similar to those observed by Moore and Stein. For the separation of low molec- 
ular weight contaminants, a variety of procedures have been used (see, for 
example, references by Westall (5); Dréze, Moore, and Bigwood (6)). 

The possibility of effecting in one operation the separation of the amino acids 
from both low molecular and high molecular contaminants (including proteins) 
followed from the observations of Partridge (7, 8), who pointed out that, under 
suitable conditions, a highly cross-linked resin of sulphonated polystyrene may 
function as a molecular sieve, being virtually non-adsorptive towards proteins 
and other colloidal molecules, but adsorbing amino acids strongly. This princi- 
ple was applied by Gladner and Neurath (9) and Neurath, Gladner, and Davie 
(10), for isolating the amino acids liberated from proteins under the action of 
carboxypeptidase. These observations, supplemented by later work of Dixon 
and Neurath (11)* provided the basis of the procedure here to be described. 


Experimental 
OBSERVATIONS ON BATCH TREATMENTS 


Although a survey of the behavior of representative amino acids towards 
Dowex 50 resin indicated that a column procedure would probably be superior 
to batch treatments in attempting the quantitative isolation of amino acids, 
some observations made in testing batch treatments deserve brief mention. 

Adsorption of different amino acids during batch treatments with Dowex 50 
resin was studied under conditions which were found to be approximately 
optimum, namely, not more than 30 zmoles of amino acids, contained in 11 ml 
0.5 N acetic acid solution, was shaken with 0.45 g moist Dowex 50 (8, ca. 
100-150 mesh) in the hydrogen-form (H-form). The uptake of different amino 
acids varied from ca. 90% for the dicarboxylic amino acids, 97-100% for 
neutral amino acids, and 100% for the basic amino acids. 

An unexpected effect was observed in experiments in which ethanol (up to 
40 volumes %) was added to the solution in an attempt to improve the uptake 
of the dicarboxylic acids. It was found that much glutamic acid was destroyed 


*We are indebted to Drs. G. H. Dixon and H. Neurath for communicating details of their 
experience with this method and suggesting it as a possible solution to the present problem. 
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and that this was due to its conversion into pyrrolidone and carboxylic acid in 
a reaction catalyzed by the resin and requiring the presence of ethanol. 

It was hoped to obtain eluates of amino acids of suitable concentration for 
chromatography by treatment of the resin particles with small volumes of 
NaOH solution. Detailed studies were made of the elution of adsorbed amino 
acids from portions of resin of which both the dry matter (ca. 150 mg dry resin) 
and the associated imbibed water (ca. 350 mg) were known. These were 
treated with 0.5 ml sodium hydroxide solution to give a final outside pH of ca. 
12. Unexpected effects became evident; some amino acids were found to dis- 
tribute themselves in equal concentrations in the aqueous solution outside the 
resin particles and the imbibed water inside; other amino acids were found 
exclusively or mainly in the outside water; and still others were present in 
higher concentrations in the inside water. It was clear that under these condi- 
tions analysis of the outer solution would give misleading results as to the 
composition of the adsorbed amino acids unless the value for each amino acid 
was corrected for its specific distribution between outside and inside water. 


DEVELOPMENT OF A COLUMN PROCEDURE 


In view of the complications revealed in the testing of batch treatments, 
attention was turned to column procedures. Two amongst various forms and 
sizes of columns are illustrated in Fig. 1. The size of the resin bed may be varied 
to suit the particular application as will be made clear below; for example, it 
may be varied from 0.3 to 2 g moist Dowex 50 resin in the type A column or 
from 10 to 50 mg resin in the type B. 

A convenient feature of the type A column is that it can be tipped back on its 
stand against a suitable support to slow down or to stop the drainage from the 
swan-neck capillary tip. 


Preparation of the Miniature Columns 
(a) The Ion-exchange Resin 
Starting with “‘Analar Grade’”” Dowex 50W (X8, 200-400 mesh) (purchased 

from California Foundation for Biochemical Research) a coarser fraction repre- 

senting about one-fifth of the total material was separated for use in the 
columns. The procedure was to suspend about 400 g of the original product in 

2 liters of water and, after 2 minutes, to withdraw the supernatant suspension 

by suction. The sediment was given two additional treatments of this type. 
The selection of the coarser fraction accelerates about fourfold the flow of 

serum through the column, 5 ml passing in about 25 minutes, as compared 
with nearly 2 hours when the unfractionated 200-400 mesh resin is used. The 
selected grain size (about 200-250 mesh) appears to be nearly optimum for the 
purpose. With appreciably coarser resin the rate of flow of the eluting solution 
through the column is likely to be excessive in relation to the rate of escape of 
amino acids adsorbed at innermost sites, so that ‘tailing’ of the eluted band of 

amino acids may occur. As will be made clear, elution of the amino acids as a 

sharp band is important in reducing the elution volume. 
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Fic. 1. Types of miniature columns for isolation of amino acids. 


The resin was cycled before use by a sequence of treatments with N NaOH, 
water, N HCl, and then water until chloride-free washings were obtained. The 
product was then drained on filter paper, allowed to lose its surface wetness, 
and stored in the moist state (containing about 40% water). In this condition, 
1 g resin contained about 3.0 meq of sulphonic acid group. 


(b) The Resin Bed 

The resin bed is very simply prepared. A small wisp of cotton or glass wool 
is introduced loosely into the bottom of the column; if this supporting plug is 
too tight the flow rate may be markedly impeded. A suspension of the required 
weight of resin in water is then poured into the top. This is allowed to settle and 
drain, and the walls are washed down with a little water. A circle of No. 1 
Whatman filter paper, cut to fit the tube, is pushed gently down on top of the 
resin. 

The question of optimum size of resin bed for a particular application requires 
consideration. A primary question, of course, is the quantity of amino acids 
which will be needed for the final chromatographic analysis. In using the 
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chromatographic methods developed in this laboratory, complete amino acid 
analysis can be carried out on 50 pl of solution (which provides for the spotting 
of three different volumes—e.g. 4, 8, and 12 #l—on each of two chromatograms 
to be developed in different solvent systems. This is almost the minimum, 
however, and there are advantages in having 100 ul of the solution available for 
analysis. Accordingly, a volume of 100 pl is adopted unless the available 
material is extremely limited, when smaller amounts can be used. The con- 
centration in this solution of each amino acid for which accurate analysis is 
required should preferably be not less than about 0.01 M, and it should not 
exceed about 0.06 M (unless only a few amino acids are present). It follows 
then that the 100 yl of solution should contain about 1—6 zmoles of each amino 
acid and if (say) 12-20 amino acids are present a total of perhaps 20—60 zmoles 
of amino acid will be present. In some circumstances it may be desirable to 
isolate larger total amounts than indicated (e.g., to determine an amino acid 
present in relatively low concentration in a mixture) but, in general, provision 
for the adsorption of a maximum of (say) 100 zmoles of amino acids on a column 
is adequate. 

In fixing the quantity of resin to be used, it must be borne in mind that 
metal cations will be bound more firmly by the resin than most amino acid 
cations except probably those of the dibasic amino acids.* For the complete 
adsorption of the amino acids the capacity of the resin bed must exceed by a 
safe margin the sum of the equivalents of both metal ions and amino acids 
present in any sample of fluid to be examined; it has been found empirically 
that the ‘safe margin’ is of the order of 200 eq of resin. 

The above considerations permit the selection of the appropriate quantity 
of resin to be subjected to actuality tests in a particular application. As an 
example, it may be mentioned that, in the case of blood sera, it is found that 
350 mg moist resin (i.e., about 1050 eq) is adequate for treating 5-ml samples, 
which may contain up to 800 neq of inorganic cations and 20-50 zmoles of 
amino acids; 600 mg resin is sufficient for treating 10-ml samples of serum. It 
should be noted that there are only small disadvantages in using increased 
amounts of resin (e.g., in using 500 mg for 5-ml samples of serum, or 800 mg for 
10-ml samples), namely, the increased time required for the different operations 
(especially the passage of the sample through the column) and an increased 
volume of eluent, as will be mentioned below. 


(c) Determination of Capacity of Resin Bed and of Total Adsorbable Cations 
of Unknown Fluids 

The capacity of a new column is known approximately from the weight of 

resin used, but since small quantities of resin may be lost during the initial 


*From the results to be described later with the maleate- buffered columns at pH 5.5 it is 
clear that the dibasic amino acids are adsorbed more firmly than sodium ion and presumably 
other monovalent cations. When a solution containing amino acids and salt is passed through 
a column of Dowex 50 in the H-form, therefore, the profile of cations on the column, from top 
to bottom, will be dibasic amino acids, monovalent inorganic cations, neutral amino acids, 
dicarboxylic amino acids, and hydrogen ions. 
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preparation and subsequent use of the column, it is convenient to have means 
for measuring the capacity of a made-up column. This is done quickly and 
simply by passing an excess of NaCl solution through it and titrating the HCl 
which is formed. In practice 5 ml of 1 M NaCl solution is passed through the 
column in the H-form; this is followed by 5 ml water. The combined effluents 
are titrated with N/10 NaOH solution. 

In a similar manner an equally useful rapid determination may be made 
of the total adsorbable cations present in any fluid under investigation. A 
sample of the fluid, preferably after acidification by the addition of 0.1 volume 
of 8 N acetic acid, is passed through the column in the H-form and the increase 
in the titratable acidity of the effluent plus washings, as compared with the 
same fluid as added to the column, is determined. 

From these two determinations it is possible, in the light of the considerations 
discussed in the preceding section, to predict the volume of a particular fluid 
which can be treated on a given column with assurance that all amino acids 
will be adsorbed, or, conversely, to calculate the size of resin bed required to 
treat a given volume of a particular fluid. 


(d) Regeneration of the Resin Bed 

After eluting the adsorbed amino acids with triethylamine solution (de- 
scribed below), the column is regenerated to the H-form by treatment with 
N HCI, a volume containing about 5 times the resin equivalent being allowed 
to pass. This is followed by washing with water until the effluent is chloride- 
free. 

From time to time, it may be advantageous to cycle the resin several times 
between the Na- and H-form to remove accumulated impurities. It has not 
been found necessary to ‘back-wash’ these small beds of resin. 


(e) Pretreatment of the Fluid or Extract 

The fluid to be analyzed is normally acidified by addition of 0.1 volume of 
8 N acetic acid, or more if this is needed to bring the pH to 2.0 to 2.5, which had 
been found to give optimum adsorption of amino acids in batch treatments with 
Dowex 50. Such acidification is essential for the adsorption of amino acids from 
buffered solutions. When the fluid to be treated contains carbonate, it is 
allowed to stand after acidification to permit the escape of CO, before it is put 
on the column, to avoid the risk of channeling of the resin bed. The flow rate of 
blood plasma and serum is increased by the acidification and, furthermore, the 
adsorption of protein on the resin is considerably reduced so that the eluted 
amino acids are contaminated by a mere trace of protein, a barely perceptible 
turbidity being produced with 5% trichloroacetic acid. 

Particular fluids may require special treatments. It is probable, for example, 
that strongly acidic fluids (e.g. pH of 1.5 or less) may require partial neutraliza- 
tion to (say) pH 2-2.5 in order to obtain adsorption of the amino acids as a 
sharp band. In the case of plasma or serum it is desirable to dilute 1:1 
with water before acidification, to obtain a faster flow rate. 
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(f) Eluent 

A 2N solution of triethylamine (TEA) is used as eluent, this being made up 
in 20% (vol./vol.) acetone in water (owing to limited solubility in water); the 
solution must be stored tightly stoppered in the refrigerator and with frequent 
adjustment of its concentration. Fresh solution should be prepared every 
2 weeks or when a yellow discoloration becomes noticeable. 

Triethylamine (pK 10.8) exhibits many desirable properties as an eluting 
agent. It displaces effectively all amino acids adsorbed on the columns, in- 
cluding the bases, whilst liberating mere traces of inorganic cations. Being 
volatile, it is eliminated when, subsequently, the collected eluate containing 
the amino acids are evaporated to dryness. Furthermore, it exhibits only very 
slight coloration with the ninhydrin—hydrindantin reagent for amino acids, so 
that the operation of the columns may be followed by this convenient method. 
If direct analysis on samples of eluate are not necessary, a2 N solution of am- 
monia can be used for elution, although this is not desirable if quantitative 
analysis of chromatograms is carried out in the same room. 


(g) Preparation of Effluent for Chromatography 

As will be seen in the next section, the amino acids can be recovered quantita- 
tively in volumes of 1 to 2 ml of the TEA solution, depending upon the pro- 
cedure used. For chromatography, as explained above, it is desired to obtain 
a solution of the amino acids in a total volume of 100 yl. 

The effluent from the column is collected in small porcelain crucibles (Coors 
000, wide form, 8 ml volume) which are coated with silicone (Beckman ‘Desi- 
cote’). This is taken to dryness im vacuo over concentrated H.SO,(room 
temperature, 2 hours). About 90 wl water is added to the crucible and the 
residue, clearly visible on the non-wetting shiny surface, is brought into solution 
first with the aid of a small polyethylene rod and then by drawing up the solu- 
tion into a micropipette calibrated at 100 wl and running it out over different 
portions of the wall. Finally, when no trace of undissolved residue remains, the 
solution is drawn quantitatively into the pipette (as may be seen by the absence 
of droplets on the surface of the crucible). Additional small drops of water are 
added to the crucible and mixed with the solution until the volume of 100 pl is 
reached. (If this volume is overshot, then the solution is exposed in the crucible 
to a gentle air stream for a few minutes and the process repeated.) 

The final 100 pl of solution, well mixed by running in and out of the pipette, 
is transferred to a capillary tube for subsequent handling and storage. Melting 
point capillaries (100 mm X 2 mm diameter, open both ends) are convenient 
for this purpose. The ends may be stoppered with plasticine, or sealed in a fine 
flame for long storage (e.g. in freezer) and quantitative samples of the solution 
are removed easily by means of the ultra-micropipettes developed for the 
spotting of chromatograms. 


Operation of the Columns 
The procedure in brief is as follows: An appropriate volume of the fluid for 
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analysis, normally acidified as described above and containing not more than 
100 umoles amino acids, is run into the prepared column of Dowex 50 resin in 
the H-form; this should contain an excess of at least 200 eq of resin over all 
adsorbable cations in the fluid. When the sample has drained through, the 
walls are washed down first with 3 ml 0.5 N acetic acid and then with 2 ml 
water. 

The amino acids are now recovered from the column by elution in 2 NV 
triethylamine solution. A suitable volume of this solution either equal to or 
greater than the volume of effluent which is known to be sufficient for the 
quantitative elution of all amino acids is run into the column. Since a variety 
of elution procedures can be used, the basis for deciding the most appropriate 
one for a particular purpose will be indicated in the following section. 


Quantitative Aspects of the Process 

In Table I are summarized the results of a series of experiments illustrating 
the adsorption and elution behavior of different amino acids on miniature 
columns containing either 350 mg or 600 mg of resin. The load of amino acid 
applied was 100 zmoles throughout, whether glycine, arginine, glutamic acid, 
or a mixture of 17 amino acids was used, but the amino acids were accompanied 
by different amounts of NaCl in the different experiments, ranging from 0 to 
1500 zmoles. Accordingly, as may be seen in the table, the ‘Residual H-form 
resin’, after adsorption of amino acid plus inorganic cations, varied from 200 to 
1850 weq. The data presented under ‘Recovery of amino acids’ were obtained 
by analysis of appropriate samples of the different solutions as applied to the 
column and of the different fractions of effluents indicated; the analyses were 
made with the ninhydrin—-hydrindantin reagent described in Part 5 (12). 

(a) Adsorption 

The effectiveness of adsorption of the different amino acids under the different 
conditions can be seen from the recovery values in ‘Effluent plus washings’. 
These are nil in all cases but one; only with glutamic acid, the least strongly 
adsorbed amino acid, was there detectable amino acid in the effluent and this 
corresponded to a negligible loss. It will be noted that this very slight leakage 
through the column occurred with the maximum load (100 zmoles of glutamic 
acid) and with the minimum stipulated excess of residual H-form Dowex 
(200 eq). 

On the basis of these and similar experiments it was established that adsorp- 
tion of amino acids is substantially complete under the conditions specified. 
It should be mentioned that certain strongly acidic amino acid derivatives are 
not adsorbed under these conditions; cysteic acid and taurine, for example, are 
recovered quantitatively in the ‘Effluent plus washings’. 

(b) Elution 

When TEA solution is run on to the column, the effluent, weakly acid at first, 
turns strongly acid after the first few drops. This continues until the pH 
suddenly begins to rise, indicating approach to complete displacement of H+ 
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from the H-form resin and incipient break-through of the bases (amino acids 
and TEA). The effluent following the break-through contains the eluted amino 
acids and the practical problem is to define the minimum additional volume 
which must be collected to ensure quantitative recovery. 

Data on the break-through and the progress of elution are given in Table I. 

The point of incipient break-through was observed directly by an indicator 
method; a trace of bromocresol green solution was added from a fine hair-like 
capillary pipette to each drop of effluent as it began to form on the delivery tip 
from the column. The effluent was collected in calibrated 1-ml tubes and the 
volume at which the indicator began to change from yellow to yellow-green 
was noted as the break-through volume, observed (=X) (Table I). These 
values varied from 0.35 to 1.30 ml in the different cases. After the break-through, 
successive fractions of effluent were collected separately for analysis. 

Calculated values of break-through volume are also given. It was determined 
that the resin sample (in the moist state as weighed) holds in its interstices in 
the column approximately an equal weight of water; e.g. the bed volume in 
experiment 1 (Table I) was about 0.35 ml. The dead space between the bottom 
of the resin and the delivery tip in the columns was 0.1 ml. The calculated 
values given in Table I are based on the expectation that break-through would 
occur when the effluent volume equalled the sum of (a) the volume of TEA 
equivalent to the residual H-form of resin, (6) the bed volume of all resin not 
occupied by amino acids (i.e. Na-resin and H-resin), and (c) the dead space. 
It will be seen that the calculated values are in all cases slightly greater than 
the observed values. The discrepancy may reflect in part error in estimating 
the bed volume of the resin but it is probably due mainly to a slight disequili- 
brium between resin particles and the eluting solution, leading to slight 
‘tailing’. 

The recovery values of the different amino acids in successive fractions of 
‘Effluent after adding TEA’ are in Table I. 

The first determination in each case was made on the effluent collected up to 
the point of break-through (=X ml). It is clear from the results that this point 
synchronizes approximately with the first appearance of traces of amino acid 
in the effluent. In two cases, this first fraction of effluent contained significant 
small amounts of amino acid (3.0 and 5.9% respectively) but in the other seven 
cases the amounts were negligibly small or nil. Even with the rather crude 
indicator method used, it was thus possible to define fairly closely the points 
at which the amino acids began to appear from the different columns and if the 
method is applied with great care (especially if drops are removed from the 
delivery tip before they become large so that the first color change is not 
obscured) it can be used to indicate what initial portion of effluent can safely 
be discarded without loss of amino acids. 

It will be seen that a large proportion of the amino acid in each case was 
recovered in a small volume of effluent following the break-through. Thus, in 
all experiments, the recovery in X + 0.4, or X +0.6 ml was of the order of 
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80-90%. The values for arginine are lower, and those for glutamic acid higher. 
Maximum recovery, approximately 100%, was observed in all cases in 1 ml 
of effluent after the break-through point, and it is notable that the progress of 
elution following the break-through is but little affected by the factors (weight 
of resin, load of NaCl accompanying the amino acid) which exert a marked 
influence on the break-through volume. 


Elution Procedures 

The above consideration of the data in Table | suggests different elution 
procedures adapted to different circumstances. 

If the samples of fluid to be treated are relatively free from salts, then a small 
bed of resin is sufficient to ensure adsorption of the amino acids and the break- 
through volume will be small, e.g. 0.5 ml or less. In this case the simplest 
procedure for elution may be used: 


Procedure A 

When the break-through volume (X) is 0.5 ml or less, a volume of TEA 
slightly in excess of X + 1.0 ml is added to the column and the whole of the 
effluent is collected for analysis. In this case the eluted amino acids will be 
collected in about 1.5 ml effluent and this volume is small enough to be handled 
with maximum accuracy by the technique described above for preparing the 
100 ul solution for chromatographic analysis. (It is probable, in fact, that 
volumes up to 2.5 ml or so can be treated with only slightly increased error; if 
this is acceptable, procedure A can be used even when the break-through 
volume is as large as 1.5 ml). 

If the amino acids are accompanied by relatively large amounts of inorganic 
cations, then the break-through volumes increase, and hence the total volumes 
of effluent required for recovery of amino acids may be excessive. This becomes 
accentuated if it is desired to use a standard size of column to treat a series of 
samples containing widely varying amounts of inorganic cation. If one sample 
in a series contains the maximum amount of (say) 7000 zmoles NaCl with 
50 zmoles amino acids then it will require a bed of about 2.5 g resin to retain 
the amino acids and the break-through volume would be about 2.6 ml. If 
another sample in the series treated on the same column contained only 500 
moles NaCl, the break-through volume in this case would be about 5.8 ml. 
In both cases the total volume of effluent required to recover the amino acids 
would be excessive, i.e. about 3.6 and 6.8 ml respectively. It is clearly desirable 
in such cases that some or all of the initial effluent prior to the break-through 
be discarded so that the amino acids can be collected in a small ensuing volume 
of effluent. This may be arranged in different ways. 


Procedure B 
If a determination of total adsorbable cations be made on each sample, the 
break-through volume can be calculated. Then initial effluent corresponding 
to a proportion of this calculated volume (e.g. 75%) can be discarded safely 
and the remaining necessary volume (up to X + 1.0 ml) is collected for analysis. 





450 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


(If it were known that the samples contained a uniform high salt content, a 
standard initial volume of effluent could, of course, be discarded.) 


Procedure C 

An alternative to procedure B is to determine directly by the indicator 
method,* the actual break-through point for each sample so that the consider- 
able break-through volume can be discarded and the amino acids collected in 
the ensuing 1.0 ml of effluent. 


Separate Isolation of Basic and Non-basic Amino Acids 

It may be advantageous to separate the basic amino acids + tryptophan and 
the remaining amino acids so that the two groups can be run and analyzed 
separately on paper chromatograms. This has proved to be the case, for 
example, when it is desired to determine asparagine or glutamine in fluids by 
means of one of the most useful paper chromatographic systems developed in 
this laboratory (propanol/ethanol/aqueous pyrophosphate buffer at pH 8.9) in 
which asparagine runs with lysine and glutamine with arginine.f 

As was to be expected from extensive observations of other workers and 
particularly Moore and Stein (2) it proved easy to find conditions under which 
the basic amino acids (together with tryptophan) are adsorbed on Dowex 50 
columns while all the non-basic amino acids pass through in the effluent. This 
occurs when the treatment is carried out at pH 5.5. 

For the selective adsorption of lysine, histidine, arginine, and tryptophan 
a column is prepared by passing through it an excess of 0.2 M sodium maleate/ 
maleic acid buffer at pH 5.5. In one operation the resin is converted to the 
Na-form and equilibrated to the required pH. 

The fluid to be treated is adjusted to pH 5.5 with NaOH or acetic acid and 
if it possesses little buffering power, 0.2 volumes of the 0.2 M maleate buffer is 
added. When the fluid has drained through the column, the latter is washed 
twice with 2 ml 0.02 M maleate buffer at pH 5.5. The effluent plus washings 
is acidified by addition of 0.1 volume of 8 N acetic acid and is passed through 
a column in the H-form for isolation of the remaining amino acids. 

The elution of the basic and the remaining amino acids from the respective 
columns and the subsequent handling of the solutions is carried out in the usual 
way. 

*For any extensive use of this method, the introduction of a micro funnel with horizontal 
capillary stem for collecting each drop and allowing it to mix with indicator, and retaining about 
0.1 ml of the effluent before it runs to waste, would be convenient. Such a collector has been 
described by Isherwood (13). 

tNote added Sept. 27, 1960. Since the above was written, we have read the communication 
by F. Lundquist (Clin. Chim. Acta, 4, 784 (1959)) describing a procedure in which Dowex 50 
resin is used for the isolation of amino acids from biological fluids. Of particular interest is his 
use of the principle of carrier-displacement in the elution process to separate the amino acids 
into five groups. The inclusion of isopropyl p¥razole alone as a single ‘spacer’ on the column 
would appear to offer attractive possibilities of separating the amino acids into two groups 


which would be resolved completely on the one-dimensional P-E-PP system which has been 
described in Part 4 of this series (Can. J. Biochem. and Physiol. 39, 163 (1961)). 
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Summary 


Procedures for the quantitative isolation and handling of small amounts of 
amino acids are described. These are particularly suited to the preparation 
of solutions of the amino acids for quantitative analysis by paper chroma- 
tographs. 
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POSSIBLE ROLE OF INCREASED SENSITIVITY TO ADRENAL 
STEROIDS IN ADRENAL-REGENERATION HYPERTENSION' 


C. I. CHAPPEL, G. RONA, AND J. S. L. BROWNE 


Abstract 


The administration of maintenance doses of dl-aldosterone, 3 yg/day, and 
corticosterone 220 yg/day to rats which were unilaterally nephrectomized, 
bilaterally adrenalectomized, and given 1% saline to drink failed to cause the 
development of hypertension or the cardiovascular and renal lesions typical of 
adrenal-regeneration hypertension. The results were the same whether the steroids 
were administered on the day of operation or after a 7-day period of adrenal de- 
ficiency. When given to rats developing adrenal-regeneration hypertension the 
same doses of steroids increased the severity of this syndrome. 


Although the subject has received considerable attention, the etiology of 
adrenal-rezeneration hypertension first described by Skelton (1) and the role 
of the adrenal cortex in this syndrome remain obscure. Grollman (2) has stated 
that the effects of the regenerating adrenal gland are mediated through the 
kidney and that renal deficiency is primarily responsible for the development 
of the hypertension. However, it is difficult to reconcile this point of view 
with the results of diverse studies which indicate that adrenocortical steroids 
are directly implicated in the pathogenesis. Chart et al. (3) have shown that 
if the enucleated adrenal gland is transplanted to the mesentery no hyper- 
tension occurs, but transplantation to the kidney allows the hypertension to 
develop. These findings suggest that the liver inactivates the steroid or steroids 
responsible for the hypertension. It has also been demonstrated that the 
adrenal depressant drug Amphenone prevents the development of the hyper- 
tension without preventing the adrenal regeneration (4). Additional evidence 
suggesting a primary role for the adrenal cortex in this form of hypertension 
is discussed in the recent review of Skelton (5). 

Even if one concedes that steroids from the regenerating adrenal cortex play 
an essential role in the development of this form of hypertension, the nature of 
these steroids and the mechanism of their action are unknown. It is clear from 
the work of Brogi and Pellegrino (6), Masson et al. (7), and Laplante et al. (8) 
that secretion of aldosterone by regenerated adrenal glands, as measured in 
venous effluent blood, is lower than normal, while the secretion of corticosterone 
is normal (6, 8) or slightly below normal (7). There is thus no basis on which 
one could ascribe the hypertension to a greater than normal secretion of either 
of the principal adrenal steroids in the rat. These findings led Masson et al. (7) 
to suggest that the period of adrenal cortical insufficiency which follows adrenal 
enucleation produces an inordinate sensitivity to the hypertensive potentialities 

1Manuscript received July 12, 1960. : 
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of adrenal steroids. The studies herein were an attempt to investigate this 
hypothesis. The period of acute adrenal deficiency which exists after adrenal 
enucleation has been reported to be from 5 to 15 days depending apparently 
on the criteria used to measure adrenal function (5, 9). If this period of 
adrenal deficiency which is present after adrenal enucleation sensitizes the rat 
to adrenal steroids, then it should be possible to produce hypertension in 
bilaterally adrenalectomized rats by the administration of physiological or 
growth-maintaining amounts of adrenal hormones after a similar period of 
adrenal deficiency. 


Methods 


One hundred and twenty-nine male rats with an initial weight of 80-100 g 
were used in this study. They were fed purina rat chow and were given tap 
water to drink; the latter was changed to 1% saline after operation. Systolic 
blood pressure was measured at the ankle by the photoelectric method of 
Kersten et al. (10) before the test, to ensure that the animals were normotensive, 
and prior to sacrifice at the end of the experiment. The operative techniques 
for adrenalectomy, unilateral nephrectomy, and adrenal enucleation have been 
described (4). In all experiments the dose of steroids was 1.5 yg of dl-aldosterone 
acetate and 110 yg of corticosterone per 100 g body weight twice daily in 0.1 cc 
of sesame oil given subcutaneously. 

The first series of experiments consisted of four groups of animals. Those of 
group I were bilaterally adrenalectomized and unilaterally nephrectomized. 
The rats of groups II and III were also bilaterally adrenalectomized and uni- 
laterally nephrectomized ; group II animals were given corticosterone and aldo- 
sterone starting on the day of operation while the animals of group III were 
treated with steroids starting on the 7th day after operation. The rats of 
group IV were normal intact rats treated with steroids during the entire experi- 
mental period. 

The second series consisted of three groups of rats. The rats of groups I and 
II were unilaterally nephrectomized, the left adrenal was removed, and the 
right adrenal was enucleated. Rats of group I received no treatment while 
those of group II received steroids daily starting on the day of operation. The 
rats of group III were normal, intact controls. At the end of the 6-week 
experimental period the animals were killed using chloroform, and the adrenal 
and heart weights were recorded. After fixation in 4% formalin or Bouin’s 
solution, sections of adrenal, pancreas, pituitary, testis, thymus, thyroid, brain, 
heart, intestine, kidney, liver, lung, mesentery, spleen, and stomach were 
embedded in paraffin and stained with haematoxylin-eosin and Masson’s 
trichrome stain. 


se 


Results 


The doses of steroids used in these experiments were based upon data 
supplied by Dr. C. J. P. Giroud of the Montreal Children’s Hospital. They 
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were calculated from the hourly secretion rate of these hormones in the adrenal 
vein blood of normal rats. Because of inability to measure steroid secretory 
rates under basal conditions these doses are somewhat arbitrary; however, 
certain evidence obtained in these experiments, growth maintenance in adrenal- 
ectomized animals and production of adrenal atrophy in intact animals, sug- 
gests that the doses were in a physiological range. 

The body weights of the four groups of animals in the first series of experi- 
ments are presented in Fig. 1. The animals of the first group, which were 
bilaterally adrenalectomized and received no steroid therapy, have a depressed 
growth curve. The body weight gains of groups II and III on the other hand 
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Fic. 1. Body weight gains of rats of the first series; group I adrenalectomized rats 
receiving 1% saline only; group II adrenalectomized rats treated with aldosterone and 
corticosterone from the day of operation; group III adrenalectomized rats receiving the 
same steroids starting 7 days after operation and group IV intact rats treated with aldo- 
sterone and corticosterone. 


are close to the normal, indicating the ability of the steroid therapy to support 
a normal growth rate. The animals of group IV gained weight very rapidly in 
the first 3 weeks of the experiment. The possibility exists that steroid therapy 
in the presence of the adrenals induced fluid retention in these rats, which 
under continued therapy became less marked as progressive atrophy of the 
adrenal took place. This atrophy was apparent when the weight of the adrenal 
from this group of rats, 10.5 mg, was compared with that of 16.5 mg in normal 
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rats of this body weight (Table I). The adrenal atrophy was also demon- 
strated histologically and may be seen in Fig. 2 to have affected all zones of 
the adrenal cortex. 


TABLE I 


Blood pressure and body and heart weights of rats given maintenance doses of aldosterone 
and corticosterone starting on the day of adrenalectomy or after 7 days of adrenal deficiency 











No. Body Arterial Adrenal Heart 
Group animals’ weight pressure (mg/100g B.W.) (mg/100 g B.W.) 

I Adr-x. 

Rt. nephrx. 15 2244+22* 123+44* 385 +67 
II Adr-x. 

Rt. nephrx. 

Steroids DayO 25 264411 12445 315+20 
III Adr-x. 

Unil. nephrx. 

Steroids Day7 25 268 +7 145+5 345 +13 
IV Intact 

Steroids DayO 10 272+10 129+2.5 10.5+0.6 

(16.5+0.8)f 328+15 





*Mean + S.E.M. 
tMean adrenal weight of 10 normal rats. 


The final blood pressures and heart weights of the rats in the first series of 
experiments are presented in Table I. The steroid treatment which was ad- 
ministered to the sensitized rats of groups II and III starting on the day of 
operation in one group and at day 7 in the other failed in either case to cause the 
development of hypertension comparable to that seen in adrenal-regeneration 
hypertension. Similarly no cardiac hypertrophy was observed in either of these 
groups. The blood pressures tended to be higher in the group treated with 
steroids after the period of adrenal deficiency; three animals in this group had a 
mild chronic pyelonephritis which probably accounted for the higher average 
blood pressure. With one exception, none of the animals in these groups had 
the typical cardiovascular or renal lesions of adrenal-regeneration hypertension. 
This single animal which belonged to group II was particularly interesting. 
Prior to sacrifice the blood pressure was 166 mm Hg compared with the average 
for the group of 124. At autopsy the kidney and heart were hypertrophied 
and widespread cardiovascular and renal lesions were found on histological 
examination. On close inspection a regenerated adrenal gland was found in this 
animal. Because of the incomplete adrenalectomy or presence of accessory 
adrenal tissue the data from this animal were excluded from the group. How- 
ever, the presence of what appeared to be adrenal-regeneration hypertension 
in this rat treated with steroids suggésted to us that we test the effects of 
maintenance doses of aldosterone and corticosterone in rats with enucleated 
adrenal glands. 

The results from such a study, the second series, are presented in Table II. 
At the end of the 6-week experimental period, rats from groups I and II were 
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TABLE II 


Effect of maintenance doses of aldosterone and corticosterone on the blood pressure, heart, 
and adrenal weight in adrenal-regeneration hypertension 








No. Body Arterial Adrenal Heart 
Group animals weight pressure (mg/100g B.W.) (mg/100 g B.W.) 

I Rt. adr. enucl. 15 1774+6.3* 163+7.7°f 22.6 433+19*t 

Lf. adr-x. 

Rt. nephrx. 
II Rt. adr. enucl. 16 176+4.8 175+6.3tf 19.7 510+14f 

Lf. adr-x. 

Rt. nephrx. 

Plus steroids 
III Normal 23 168+1.7 118+1.5 28.7 360+ 4 





*Mean + S.E.M. 
tSignificant difference compared to normal animals of group III (p=0.01). 


hypertensive; both groups of rats had regenerated adrenal glands and cardiac 
hypertrophy. A marked difference, however, was seen in the severity of the 
cardiovascular and renal lesions in the two groups. The incidence of lesions 
in the hypertensive group without steroid treatment was low as we have 
reported earlier (11); on the other hand, after steroid treatment (group II) 
the incidence of cardiovascular and renal lesions was much greater as shown in 
Table III. 


TABLE III 


Aggravation of cardiovascular and renal lesions of adrenal-regeneration hypertension 
by daily administration of maintenance doses of aldosterone and corticosterone 

















" Nephrosclerosis Vascular lesions 
Oo. 
Group animals 0 + ++ 44+ 0 + ++ 44+ 
I Rt. adr. enucl. 15 13 -- 1 1 12 1 1 1 
Lf. adr-x. 
Rt. nephrx. 
II Rt. adr. enucl. 16 3 4 3 6 4 3 3 6 
Lf. adr-x. 
Rt. nephrx. 
Plus steroids 
Discussion 


This study was undertaken in an effort to determine whether a period of 
adrenal deficiency in unilaterally nephrectomized rats given 1% saline to drink 
would sensitize these animals to the pressor effects of adrenal steroids as postu- 
lated by Masson (7). Since rats with adrenal-regeneration hypertension do not 
secrete more aldosterone or corticosterone than normal animals (7, 8), the 
hypertension in this case would develop after physiological amounts of hor- 
mones. Our results demonstrate that doses of aldosterone and corticosterone, 
the principal adrenal cortical steroids in the rat (12), which were sufficient to 
cause adrenal atrophy in intact rats and maintain normal growth curves in 
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adrenalectomized rats, did not cause hypertension in adrenalectomized rats 
sensitized by unilateral nephrectomy and 1% saline. Furthermore, allowing 
adrenalectomized rats to undergo a period of adrenal deficiency of 7 days did 
not induce any sensitivity to the pressor effects of aldosterone and corti- 
costerone. Since the amounts of steroids administered were as great as those 
secreted in adrenal-regeneration hypertension, these findings do not support an 
etiological theory of adrenal-regeneration hypertension based on increased 
sensitivity to adrenal hormones. 

The second series of experiments showed also that the administration of 
maintenance doses of aldosterone and corticosterone to rats with enucleated 
adrenal glands increased the severity of the condition. This aggravation was 
apparent in the blood pressure, heart weights, and cardiovascular and renal 
lesions. It was interesting that this steroid treatment although sufficient to 
cause adrenal atrophy in normal rats did not prevent the regeneration of the 
adrenal gland. 

From the information presently available on adrenal-regeneration hyper- 
tension, one might conclude that the regenerating adrenal gland plays an active 
and primary role in the pathogenesis of this form of hypertension, which cannot 
be attributed to a hypersecretion of, or increased sensitivity to, the steroids 
aldosterone and corticosterone. Administration of physiological amounts of 
these hormones, on the other hand, in the presence of a regenerating adrenal 
gland will aggravate the subsequent hypertension. 

Gornall and his associates (13, 14, 15) have shown that aldosterone is capable 
of causing a rise in blood pressure when given chronically in doses similar to 
those employed in the present study. This property has been confirmed in 
acute experiments (16). Others (17, 18) have not observed an increase in blood 
pressure with such relatively low doses but were successful in producing a 
significant rise when higher doses were utilized (19). In our study small doses 
of aldosterone and corticosterone did not induce a hypertension in adrenal- 
ectomized animals comparable with that which occurs with adrenal regenera- 
tion. However, these steroids did influence the severity of the hypertension 
when a regenerating adrenal gland was present. Under these circumstances, 
therefore, the regenerating adrenal tissue may sensitize the organism to the 
pressor effects of the steroids, or the steroids administered may act to potentiate 
some primary principle from the regenerating adrenal gland. 

It is known that adrenocorticalsteroids other than aldosterone and corti- 
costerone are secreted by the rat adrenal (20, 21, 22). The possibility must still 
be considered that these steroids may be of importance in the etiology of 
adrenal-regeneration hypertension. 
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TOXIC AND PROTECTIVE EFFECTS OF ROYAL JELLY 
IN NORMAL AND DISEASED MICE! 


B. Grab, V. A. KRAL, AND J. BERENSON 


Abstract 


A single subcutaneous injection of 1 ml royal jelly into each of 27 female mice 
killed 17 of them within 2 days. One milliliter of royal jelly exerted this lethal 
effect both in its normally acid state and when neutralized. Miliary haemorrhages 
without leukocytic or lymphocytic infiltration were found in the brains of mice 
7 hours after injection with 1 ml royal jelly. Similar injections of 1 ml of such 
osmotically active substances as 20% egg albumin or 80% sucrose into groups of 
10 mice failed to kill any mice within 20 days. Nor did any deaths result when 
1 ml of a protein-carbohydrate-saline mixture with a percentage composition 
and osmolal concentration similar to that of royal jelly was injected into each of 10 
mice. 

A 0.1-ml quantity of royal jelly injected daily significantly shortened life span 
in mice previously injected with Ehrlich’s ascites tumor or with a transplantable 
lymphatic leukemia from AKR mice. On the other hand, 0.1 ml royal jelly 
injected once a week significantly prolonged life in “high leukemia” male AKR 
mice. 

Daily injection into normal mice of 0.1 ml royal jelly for several weeks signi- 
ficantly increased the weight of the adrenals and simultaneously significantly 
increased the weight of the lymphatic tissue, an action which distinguishes royal 
jelly from all other known adrenal-stimulating agents. This dose did not cause loss 
of body weight, and in one experiment even stimulated it. 

The survival of normal young (but not normal old) mice in the cold (0 to 3° C) 
was significantly prolonged by daily injection of 0.001 ml royal jelly administered 
before and during exposure to cold, but not by 0.1 or 0.01 ml; 0.001 or 0.0001 ml 
royal jelly administered before, but not during, exposure to cold failed to protect 
mice against cold. 


There is no lack in the scientific literature of papers on royal jelly. There 
are papers describing the content of the carbohydrates, fats, proteins, vitamins, 
gonadotropi¢ hormones, and bactericidal and life-prolonging factors in royal 
jelly. The effects of royal jelly on body and organ weights, liver glycogen, blood 
sugar, and blood counts of experimental animals have also been reported, as 
have also clinical reports of royal jelly in geriatric and pediatric practice. 
References to these studies appear in the reviews of Haydak (1) and Johansson 
(2) written for the scientific investigator and in those of Willson (3—6) written 
for the beekeeper. However, the following gaps in our knowledge of royal jelly 
are still apparent. (a) There is no suggestion in the literature that large doses 
of royal jelly can be lethal. (6) No study has so far been published indicating 
what effect, if any, royal jelly has on the resistance of normal experimental 
animals to stress. (c) Recent reports have described the in vitro effect of royal 
jelly on tumors (7, 8) but no reports have so far appeared on a direct effect of 
royal jelly on tumor-bearing animals. The experiments described in this paper 
were conducted to provide information in these areas. - 

‘Manuscript received February 29, 1960. 

Contribution from the Allan Memorial Institute, McGill University, Montreal, Que. 

Can. J. Biochem. Physiol. Vol. 39 (1961) 
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Method and Results 


Thirteen experiments were conducted: six on the lethal effect and morpho- 
logical changes produced by royal jelly, three on the effect of royal jelly on 
resistance to cold, three on the survival of mice bearing transplanted or spon- 
taneous tumors, and one on the weight of royal jelly per unit volume. In all 
experiments (including the period prior to exposure to cold in the “cold 
exposure’’ experiments) the mice were housed in wire-floored metal cages in an 
air-conditioned, temperature-controlled (26 to 27° C), humidity-controlled 
(45-55%) room, hereafter referred to as the warm room although its tempera- 
ture was close to ideal for small rodents. The room was lit from 6 A.M. to 
7.30 P.M. E.S.T. by tungsten-filament electric light bulbs, and was in complete 
darkness at other times. The exposure of mice to the cold was conducted in a 
walk-in temperature-controlled cold room, in which the periods of light and 
darkness were identical with those of the warm room. All procedures involving 
the mice housed in the warm room were conducted there. Mice housed in the 
cold room were weighed and injected in the cold. All injections in all experi- 
ments were administered subcutaneously. All animals were fed purina fox 
chow ad libitum. All animals in experiments 1 to 11 were females. In experi- 
ment 12, both males and females were used and in experiment 13, only males. 
Illuminating gas was used to kill the mice. The small endocrine glands were 
weighed on a microtorsion balance which gave significant readings to 0.005 mg; 
brain, spleen, thymus, and heavier endocrines were weighed on a torsion 
balance with significant readings to 0.2 mg; and liver on a torsion balance with 
significant readings to 1 mg. Analysis of variance and ¢ tests were used to 
assess the statistical significance of differences between groups. 

The royal jelly used in our experiments was gathered in the Ottawa region 
and given to us by the Apiculture Division, Central Experimental Farms, 
Ottawa, Ontario. The jelly was stored in plastic vials, 20-30 g per vial, and 
kept at about —20° C except for the few minutes when material was being 
prepared at room temperature for injection. Dilutions of this material were 
prepared freshly immediately before injection. 


Experiment 1 

In all experiments royal jelly was measured by volume. Therefore, to deter- 
mine its weight per unit volume, eight samples of 0.1 ml of royal jelly were 
weighed on a Gram-atic balance with a sensitivity reciprocal of 0.05 mg and a 


readability of 0.01 mg. The mean and standard error of the weight of the eight 
samples of 0.1 ml royal jelly was 109+3 mg. 
Toxicity Experiments: Experiment 2 

In this experiment was investigated tbe effect of a single injection of 1 ml 
royal jelly on C57 black mice 20-21 months old. Ten mice received royal jelly, 
while 10 controls received 1 ml of 0.9% NaCl. Three treated mice died within 


21 hours of the royal jelly treatment, while two more died during the next 
24 hours. 
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These five mice showed at autopsy a greyish mass at the site of the injection. 
The adrenals, pituitaries, the dura around the sella turcica, the pia, and the 
entire surface of the brain were found to be hyperemic. Four of the mice had 
gastrointestinal ulcers. No control mice died at the time the five treated mice 
had expired (Table J). All survivors were killed 11 and 12 days after the in- 
jections. 

The five surviving treated mice, but not the controls, showed loss of fur at 
the site of injection. The body weights (0.80 >P>0.70), adrenals (0.10>P> 
0.05), pituitaries (0.10>P>0.05), thymuses (0.50>P>0.40), and livers 
(0.80 >P>0.70) of the treated mice were heavier than those of the controls, 
but in no instance was the difference statistically significant. 


Experiment 3 

The purpose of this experiment was to investigate the histological changes in 
the brain of mice injected with a single dose of 1 ml royal jelly. The findings in 
eight 2- to 3-month-old CF; mice so treated were compared with those in eight 
controls of the same age who received 1 ml distilled water. Fifteen of the 16 
mice were sacrificed 7 hours after the injection, one jelly-treated mouse dying 
shortly beforehand. The brains were fixed in 10% formalin and stained with 
hematoxylin-eosin. Microscopic examination showed diffuse miliary haemor- 
rhages in the brains of the royal jelly treated animals but not in those of the 
controls. These haemorrhages were not accompanied by leukocytic or lympho- 
cytic infiltration. 

There were no significant differences in weight between the brains, thyroids, 


spleens, thymuses, adrenals, and livers of the control and treated mice (P >0.05, 
Table II). 


Experiment 4 

This was designed to investigate whether the deaths due to 1 ml royal jelly 
were due (a) to an overwhelming acidosis caused by the acid reaction of the 
royal jelly or (b) to the injection of a relatively large amount of osmotically 
active material. For this experiment five groups of CF, mice, 63 months old, 
were set up; each group contained 10 mice, except the group that received 
the neutralized royal jelly. 

To prepare the neutralized royal jelly, 1.6 ml of 2.7 N NaOH and 0.4 ml of 
0.02% phenol red were added to 15 g royal jelly raising its pH from 4.0 to 7.2; 
1.13 ml of the neutralized royal jelly was then injected into each of nine mice. 
Another group served as controls, each mouse receiving 1.13 ml of a solution 
made by adding 3 ml 0.02% phenol red to 100 ml 0.85% NaCl. Each mouse of a 
third group received 1 ml of 20% egg albumin in physiological saline, while the 
mice of a fourth group each received 1 ml containing 800 mg sucrose in distilled 
water. Each mouse of the fifth groups received 1 ml of a preparation made 
as follows: 13.5 g of honey was dissolved in 13.5 ml of 0.3 M NaCl, which was 
then added to 50 ml of 20% egg albumin. The percentage composition of this 
mixture of protein, carbohydrate, and salt was close to that of royal jelly, and 
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determination on a Fiske osmometer showed that its osmolal concentration 
was also very close to that of the royal jelly used in our experiments (124 and 
120 milliosmols respectively per liter of 10% solutions). 

Four of the nine mice injected with the neutralized royal jelly died between 
5 and 31 hours after injection; all of the mice in the other groups survived 
during a 20-day observation period. 


Experiment 5 

This experiment tested the effect of smaller doses of royal jelly on the body 
weight. One group received 0.1 ml of 0.9% NaCl, a second group received 
0.001 ml royal jelly made up to a 0.1 ml volume in 0.9% NaCl, while a third 
group received 0.1 ml undiluted royal jelly. Injections were given 6 times per 
week for 27 days, and the mice were weighed twice weekly. 

The group receiving 0.1 ml royal jelly weighed consistently more than the 
two other groups from day 8 to the end of the experiment, the difference 
between the group injected with 0.1 ml royal jelly and the control group being 
significant on day 8 and day 13 (0.02>P>0.01, Table III) and on day 16 
(0.05 >P>0.02, Table III). There were no significant differences in body 
weight between the mice receiving 0.001 ml royal jelly and the controls. 


Experiment 6 

The effect of various doses of royal jelly on the histological appearance 
and weight of various organs in addition to the brain was investigated in five 
groups of eight 2-month-old CF; mice (Table IV). Group I (controls) received 
1 ml distilled water 6 times per week; group II received a single injection of 
1 ml royal jelly on the first day only. Groups III, IV, and V received 0.1, 
0.01, and 0.001 ml respectively of royal jelly 6 times weekly. The volume of 
liquid injected daily into each mouse of groups III, IV, and V was 0.1 ml, 
distilled water being the diluent used in groups IV and V. Two mice of groups 
I, III, IV, and V were killed on the 11th and 14th day of the experiment, one 
on the 16th, and three on the 17th day. Haematoxylin-eosin sections of the 
adrenals and spleen were prepared. 

All group II mice died the day after receiving 1 ml royal jelly, all with con- 
gestion of the brain and pituitary, and six with gastrointestinal haemorrhages. 
No other mice died during this experiment. 

There was no significant difference in body weight between groups I, III, IV, 
and V (P>0.10, Table IV) although group III mice had the highest body 
weight. Group II mice had the lowest body weight but they died 11 to 17 days 
before the others were sacrificed, during which time the latter gained weight. 

Adrenal weights were significantly higher in groups III and IV than in the 
other groups (P<0.05, Table IV). The zona fasciculata of the adrenals of 
groups III, IV, and V had larger and faler cells than those of group I. Also, 
groups IV and V adrenals had a well-developed zona glomerulosa, but there 
was no apparent difference in the zona reticularis and medulla between the 
groups. 
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Apparently due to an increase in the amount of both red and white pulp, 
the spleens of group III were significantly heavier than those of the other groups 
(P <0.01, Table IV). There did not appear to be any difference in the size or 
number of the malpighian tubules or in the connective tissue of the spleens of 
the various groups. 

Although the thymus weights of groups III, 1V, and V were higher than those 
of group I, there were no significant differences between the various groups 
(P>0.20, Table IV). 

The livers of group II weighed significantly less than those of the other 
groups (P<0.01, Table IV) even when expressed per 100 grams body weight 
(P <0.01, Table IV). 

There were no significant differences in brain, pituitary, or thyroid weights 
between the various groups. 


Experiment 7 

The objective of this experiment was to test the effect of royal jelly on the 
lymphatic tissue. Nineteen C57 brown mice 7 months old were separated into 
nine controls receiving 0.1 ml 0.9% NaCl and 10 treated mice receiving 0.1 ml 
royal jelly 6 times a week in a 15- to 18-day period. Equivalent numbers of 
control and treated mice were killed on the 15th, 16th, 17th, and 18th day. 

All the mice survived the experiment. There was no difference in body 
weights between the two groups (Table V) but the adrenals, thymus, spleen, 
axillary, and inguinal lymph nodes were all heavier in the treated mice, and 
significantly so in the case of the adrenals (P<0.001, Table V), and axillary 
(0.01>P>0.001) and inguinal lymph nodes (0.05>P>0.02). The thymus 
and spleen weights of the treated mice were also heavier than those of the con- 
trol mice (0.20>P>0.10, Table V) and became significantly heavier if com- 
bined with the thymus and spleen weights of group I and III of experiment 6 
(thymus, 0.05 >P>0.02; spleen, 0.025>P>0.01) (group III of experiment 6 
received the same treatment as the treated mice of experiment 7, and group I 
were their controls). 


Experiments on Exposure to Cold 

In experiments 8 and 9, the mice were caged individually before and during 
exposure to cold, while in experiment 10 the mice were housed four per cage 
when in the warm room and one per cage in the cold. Sodium chloride (0.9%) 
was injected in the controls simultaneously with the royal jelly injections in 
the treated mice, and when required, was used to dilute royal jelly. A 0.1-ml 
volume of liquid was administered daily to each mouse at each injection. 
In the cold, the mice were observed at hourly intervals for the first 8 hours and 
at 2-hourly intervals thereafter. The experiment terminated with the death 
of the last animal. The temperature in the cold room in experiment 8 was 
0 to 1° C and in experiments 9 and 10, 0 to 3° C. 
Experiment 8 

Three groups of young (5 months) and three groups of old (15 months) mice 
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were set up, each group containing eight animals. A young and old group 
received 0.1 ml royal jelly, another pair of groups received 0.01 ml royal jelly, 
while a third pair received control injections. Injections were given for 6 days 
prior to exposure to cold and continued in the cold. There was no significant 
difference in survival time in the cold between control and treated mice (0.20 > 
P>0.10, Table VI), but young mice survived significantly longer than old 
ones (0.01 >P>0.001). 


TABLE VI 


The survival time (hours) in the cold of young and old mice treated 
with 0.1 and 0.01 ml of royal jelly daily (experiment 8) 














Royal jelly 
Age Control 0.1 ml 0.01 ml 
Young 77.7% £31 .Sf 32.5+16.8 22.2+14.8 
Old 10.3: 4 3.3 6.7+ 1.5 6.32 9.5 





Note: Each group contained eight animals. 
*Mean. 
tStandard error. 


Experiment 9 

Three groups of young (6 months) and three groups of old (12 to 17 months) 
mice were set up, each with eight mice. One young and one old group received 
0.001 ml royal jelly, another pair of groups received 0.0001 ml, while a third 
served as controls. The mice received 19 injections in a 28-day period while in 
the warm room, and no injections in the cold. There was no significant differ- 
ence in survival time in the cold between controls and treated mice (P>0.10, 
Table VII) but young mice survived significantly longer than the old ones 
(0.01 >P>0.001). 


TABLE VII 


The survival time (hours) in the cold of young and old mice treated 
with 0.001 and 0.0001 ml royal jelly daily (experiment 9) 














Royal jelly 
Age Control 0.001 ml 0.0001 ml 
Young 99.37 4-33.57 120.4+44.6 56.8+33.5 
Old 18.6 +11.3 9.8% 2.1 6.6+ 0.7 





Note: Each group contained eight animals. 
Mean. 


+Standard error. 


Experiment 10 

This experiment contained two groups of eight 7-month-old mice and two 
groups of eight 12-month-old animals. One young and one old group received 
0.001 ml royal jelly daily for 15 days in a 22-day period in the warm room, and 
the injections were continued in the cold. Another pair of such groups received 
control injections. 
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Royal jelly treated mice survived a significantly longer time than did the 
controls (0.05 >P>0.01, Table VIII), due chiefly to the increased survival 
time of the young royal jelly treated animals. Five of the 12 mice in this group 
were still alive after all the remaining 35 mice had died, and 1 of these young 
treated mice was still alive after 624 hours in the cold. Young mice also sur- 
vived significantly longer than old animals (0.05 >P>0.01, Table VIII). 


TABLE VIII 


The survival time (hours) in the cold of young and old mice 
treated with 0.001 ml royal jelly daily (experiment 10) 








Royal jelly 





Age Control (0.001 ml) 
Young 31.9°+11.4f 144.0+52.3 
Old 12.4 £°2.2 #4.1+ 3.0 





Note: There were 12 mice in each of the groups except in the treated old 
group which contained 11. 

*Mean. 

tStandard error. 


Experiment with Tumors: Experiment 11 

Fifteen C;Heb mice 8 months old were injected with 0.20 ml of a CF; mouse’s 
Ehrlich ascites tumor homogenized through a No. 20 needle and diluted 1:4 in 
0.85% NaCl solution. The next day seven mice (controls) began receiving 
0.1 ml distilled water daily 7 days weekly, while nine mice were injected with 
0.1 ml royal jelly at the same time. 

The mean and standard error of the survival time of the royal jelly treated 
mice after transplantation was 17+1 days (range 13 to 23 days). The first 
control mouse died 39 days after transplantation while the six remaining ones 
were still alive 59 days later. The difference in survival time between the two 
groups was obviously highly significant statistically. 

Experiment 12 

Nine male and eight female C3H;XAKR F mice were injected with 0.20 ml 
(1,960,000 cells according to haemocytometer counts) of an AKR mouse’s 
lymphoma prepared as in experiment 11. The next day the controls (four 
males and four females) and royal jelly treated mice (five males and four 
females) started receiving injections identical with those described in ex- 
periment 11. 

The mean and standard error of the survival time of the control mice after 
transplantation was 26+6 days, while that of the treated mice was 5 +1 days, 
a statistically significant difference (0.01 >P>0.001). 

Experiment 13 em 

Ten male 4- to 5-week-old AKR mice were individually caged and left 
untreated until 19-20 weeks old. At this time when all the mice were still 
apparently well, five of them began to receive a single weekly injection of 0.1 ml 
royal jelly while five controls received 0.1 ml distilled water. Body weights 
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were determined during life and survival times at death. Autopsies were con- 
ducted to determine the cause of death. Death due to spontaneous lymphatic 
leukemia was determined by the presence of abnormally enlarged lymphatic 
tissue. 

The means and standard errors of the survival time of the control and treated 
mice were 237+15 and 287+14 days respectively, a statistically significant 
difference (0.05 > P >0.02) despite the small number of mice used. Five control 
and three jelly-treated mice died of spontaneous lymphatic leukemia. The 
two remaining treated mice died of infections, one of lungs, the other of the 
gastrointestinal tract, and were the longest-lived mice in the experiment. 

There was no statistically significant difference in body weight between 
control and treated mice at the beginning of treatment (P>0.90, Table 
IX) or at death (0.70>P>0.60). However, the royal jelly treated mice 
showed an increase in body weight during the first 98 days of treatment (Table 
IX), an increase close to statistical significance (P almost equal to 0.05, 
Table IX). 


TABLE IX 


The effect of 0.1 ml royal jelly administered once weekly on the body weight (g) 
of AKR male mice 











Number of days of injection 








0 98 112 At death 
Control 27.741.7G) 25.8+4.0 (3) 24.4+3.9 (3) 23.2+1.9 (5) 
Treated 27.5+0.3 (5) 29.0+0.6 (5) 28.9+0.6 (5) 24.1+0.9 (5) 





Note: The number in parentheses gives the number of animals for which the adjacent mean and standard error 
were calculated. 


Discussion 


Our experiments demonstrated that a subcutaneous injection of 1 ml royal 
jelly into 27 mice resulted in 17 deaths in 2 days (experiments 2, 4, and 6). 
These deaths were not due to the 1-ml volume injected inasmuch as the mice 
of group I in experiment 5 were injected with 1 ml distilled water 6 times a week 
for at least 11 days and no deaths resulted. Nor was the subcutaneous injection 
of 1 ml physiological saline lethal (experiments 2 and 4). Furthermore, the 
lethality of royal jelly did not appear to be due to its acidity, inasmuch as 
four out of nine mice injected with neutralized royal jelly also died within 2 days 
(experiment 4). Another possibility was that the introduction of about 150 mg 
protein into the subcutaneous space (9, 10), which occurred when 1 ml royal 
jelly was injected subcutaneously, produced a colloidal osmotic gradient which 
might have resulted in the movement of water into the depot with subsequent 
contraction of circulating blood volume. However, this possibility was excluded 
by the experiment in which 10 mice survived the subcutaneous injection of 
1 ml 20% egg albumin. Another, even less likely, possibility was that the sub- 
cutaneous injection of royal jelly contained a large amount of solute which 
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rapidly diffused in the extracellular space but not into cells, producing an 
osmotic gradient between the intra- and extra-cellular spaces with movement 
of water out of the cells. The sugars present in royal jelly could have acted in 
this way. However, this explanation also appears unlikely in view of the fact 
that none of the 10 mice died after injection of 1 ml of fluid containing 800 mg 
sucrose with an osmolal concentration twice that of royal jelly itself (248 and 
120 milliosmols respectively per liter of 10% solutions). The possibility that 
death occurred due to contraction of the intracellular fluid volume was also 
eliminated by the fact that death failed to occur in any of 10 mice injected with 
the protein—carbohydrate—saline preparation with the same osmolal concentra- 
tion as royal jelly. Our experiments so far do not indicate what the mechanism 
of death is when a large amount of royal jelly is injected, but it would appear 
that this effect is being produced by chemical rather than physical means. 

The experiments described in this paper demonstrate that royal jelly has 
both toxic and protective effects on mice. For example, in the toxicity experi- 
ments 1 ml royal jelly killed 17 of 27 mice within 2 days (experiments 2, 4, and 
6), but 0.1 ml royal jelly administered daily 6 times per week for 18 to 29 days 
did not kill any normal young mice (experiments 5, 6, and 7). In fact, this dose 
significantly increased the body weight of mice in experiment 5. However, 
evidence for a stressor effect of the latter dose was the fact that it caused adrenal 
enlargement (experiments 6 and 7). Furthermore, 0.01 and 0.001 ml royal jelly 
also caused adrenal enlargement (experiment 6) and by this criterion were also 
stressful. 

The same pattern was apparent in the tumor experiments: here 0.1 ml royal 
jelly administered daily significantly shortened the survival of mice bearing 
either Ehrlich’s ascites tumor (experiment 11), or a transplanted 4ymphatic 
leukemia (experiment 12). On the other hand, 0.1 ml administered once weekly 
significantly prolonged the life span of small numbers of “high leukemia” 
male AKR mice (experiment 13). 

A similar pattern was also seen, though less strikingly, in the cold experi- 
ments: here 0.1 ml and 0.01 ml royal jelly administered several times weekly 
prior to exposure tended to shorten survival in the cold (experiment 8), while 
0.001 ml administered at the same rate significantly prolonged it (experiment 
10). 

These studies indicate that large doses of royal jelly may be so stressful as to 
be lethal, while smaller doses may be stressful but not lethal. Still smaller doses 
are less stressful and provide protection against cold and prolong the life of 
male AKR mice with spontaneous leukemia. 

According to Selye, the action of all stressors (cold, burns, drugs, muscular 
exercise, shock of all kinds, reduced oxygen tension, bacterial toxins, X rays, 
radium rays, and solar rays) is marked by a syndrome, the general adaptation 
syndrome, which consists of a triad of changes: adrenal enlargement, ulcers in 
the stomach and duodenum, and atrophy of lymphatic tissue (11). In our 
studies adrenal enlargement was apparent especially in experiments 6 and 7, 
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and to a lesser extent in experiments 2 and 3, and the gastrointestinal ulcers in 
experiments 2 and 6. However, atrophy of lymphatic tissue did not occur in 
any of our experiments. On the contrary, except in experiment 3, the lymphatic 
tissue was consistently heavier in the royal jelly treated mice than in the con- 
trols (experiment 2, 6, and 7). For example, the thymus and spleen weights 
of experiments 6 and 7, and the weights of the axillary and inguinal lymph 
nodes of experiment 7 were significantly heavier in the royal jelly treated 
animals than in the controls, even while the former simultaneously had signi- 
ficantly heavier adrenals. Therefore, the action of royal jelly is anomalous 
within Selye’s general adaptation syndrome (11). 

Our studies demonstrate that royal jelly can protect against stress but 
provide no indication as to the nature of the substance(s) in it that produce 
this effect. The only substance for which there is evidence that it provides 
protection against stress in intact animals (12) and which is known to be present 
in royal jelly in considerable amounts (13) is pantothenic acid. Still, the mice 
of experiment 9 that were protected by royal jelly against the cold received 
0.2 micrograms daily of royal jelly, that is, about 2X 10-5 of their normal daily 
requirement of pantothenic acid. This figure was arrived at by assuming that 
183 micrograms of pantothenic acid were present per gram of royal jelly (13), 
that 0.001 ml royal jelly weighed 1.09 mg (experiment 1), and that the normal 
daily pantothenic acid requirement of a 25-g mouse is 10 mg (14). Therefore, 
royal jelly’s content of pantothenic acid does not account for the protection 
which it provided against the cold. 

Nor is the cold-protective property of royal jelly explicable on the basis of its 
adrenal-stimulating effect, assuming that in this way royal jelly stimulates the 
secretion of corticoids in excess of that excreted by the controls, and that these 
corticoids protect against the cold. While such protection is provided by 
certain corticoids (e.g. cortisone) when injected in adrenalectomized animals 
(15, 16), recent, as yet unpublished, studies conducted in our laboratory showed 
that cortisone is ineffective in this way when injected into intact animals. 

Similarly, it is not possible to explain royal jelly’s life-prolonging effect on 
AKR mice by assuming that it stimulated the adrenal to secrete excess amounts 
of cortisone. Cortisone has been shown to prolong life in AKR mice (17), but 
this hormone and other 11-oxygenated corticoids have a strong lympholytic 
effect (18), while royal jelly produced a marked increase in the weight of the 
lymphatic tissue in our experiments. However, royal jelly has been claimed to 
contain gonadotropins (19) and possibly its administration to the male mice in 
experiment 13 stimulated the secretion of endogenous testosterone, which has 
been shown to inhibit lymphoid tumor development (20). 

Recently, Townsend, Morgan, et al. reported that royal jelly mixed in vitro 
with cells from several different types of tumors prevented tumor development 
in mice receiving the treated cells, while mice receiving control cell injections 
died within a short time (7, 8). This antitumor activity is also present in 
10-hydroxy-A*decenoic acid, the main fatty acid of royal jelly (7, 8). However, 
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the authors state that “‘attempts to demonstrate protection after tumor 
implantation or by separate administration of royal jelly and leukemic cells 
have as yet been unsuccessful (7)’’. Experiment 13 demonstrated that a statis- 
tically significant protection could be obtained with certain doses of royal jelly 
administered to male mice developing lymphatic leukemia spontaneously. 
Further experiments are indicated. 
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